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FOREWORD 


The  Symposium  on  Aeroelastic  and  Dynamic  Modeling  Technology, 
sponsored  by  the  Air  Force  Flight  Dynamics  Laboratory  of  the  Research 
and  Technology  Division,  Air  Force  Systems  Command,  in  association 
with  the  Dynamics  and  Aeroelasticity  Research  Panel  of  the  Aerospace 
Industries  Association,  was  held  in  Dayton,  Ohio,  on  23-2h-2$  Septem¬ 
ber  1963.  The  purposes  of  the  Symposium  were  to:  (s''  review  the 
state-of-the-art,  (b)  present  the  latest  developments  and  applications 
for  solution  of  current  problems,  (c)  determine  the  maximum  extent  to 
which  modeling  techniques  can  be  employed  for  efficient  design  and 
substantiation  of  full  scale  vehicle  safety  and  reliability  and  (d) 
provide  a  basis  for  future  applied  research  for  aeroelastic  and  dynamic 
modeling  technology.  The  symposium  subject  matter  covers  the  theory, 
design  and  testing  of  both  static  and  dynamic  elastic  models  used  in 
the  development  of  aircraft,  missiles,  aerospace  vehicles  and  equipment. 

The  proceedings  are  arranged  in  two  parts:  Part  I  contains  the 
unclassified  papers  grouped  by  subject  as  presented,  and  Part  II  con¬ 
tains  the  classified  papers  and  is  Confidential.  The  authors’  names 
and  company  affiliation  are  given  at  the  beginning  of  each  paper. 

An  effort  has  been  made  to  minimize  errors  and  omissions,  how¬ 
ever,  if  any  serious  discrepancies  are  noted,  they  should  be  brought 
to  the  attention  of  Mr.  M.  H.  Shirk,  FDDS,  AF  Flight  Dynamics  Labor¬ 
atory,  WPAFB,  Oliio.  Necessary  errata  sheets  will  be  prepared  and 
distributed. 

The  success  of  the  Symposium  in  attaining  its  purposes  and  the 
subsequent  compilation  of  this  report  for  wide  distribution  as  a 
reference  document  were  made  possible  by  the  fine  contribution  of  the 
Symposium  speakers,  session  chairmen  and  authors  of  the  technical 
papers.  The  AFFDL  and  the  AIA  gratefully  acknowledge  these  contribu¬ 
tions  and  express  their  appreciation. 
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ABSTRACT 


The  unclassified  proceedings  of  the  Air  Force  Plight  Dyna-Tdcs 
Laboratory  and  Aerospace  Industries  Association  Symposium  on  Aero- 
elastic  and  Dynamic  Modeling  Technology  are  presented  in  this  report. 

Modem  day  aerospacecraft  requirements  are  calling  ,nore  and 
more  for  systems  which  are  greatly  influenced  by  aero  and  thermo¬ 
elastic  effects.  In  line  with  this  trend,  model  testing  technology 
has  been  required  to  keep  pace  by  advancing  the  state-of-the-art 
in  the  simulation  of  elastic,  thermal,  aerodynamic  and  dynamic 
effects.  The  objective  of  this  symposium  was  to  bring  together  the 
members  of  the  scientific  community  who  are  intimately  concerned  with 
this  area  of  endeavor,  thereby  promoting  a  mutual  understanding  of 
current  developments  and  problem  areas.  The  papers  presented  at  the 
—symposium -were  divided  into  appropriate  technical  area  sub-groups 
and  individual  sessions  were  devoted  to  each.  These  sub-groups  were: 
Theory  and  Design,  Model  Testing  Techniques,  Dynamic  Loads  and  Aero- 
elastic  Applications,  and  Structural  Design  Applications  with  two 
classified  sessions  on  Aerospace  Vehicle  Applications  and  Aircraft 
Applications. 


PUBLICATION  REVIEW 

The  publication  of  tills  report  does  not  constitute  approval  by 
the  Air  Force  of  the  findings  or  conclusions  contained  herein.  It 
is  published  only  for  the  exchange  and  stimulation  of  ideas. 


WILLIAM  C.  NIELSEN 
Colonel,  USAF 
Symposium  Chairman 
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OPENING  REMARKS 
by 

Colonel  William  C.  Nielsen 
Director,  AF  Flight  Dynamics  Laboratory 


Gentlemen  t 

I  am  Colonel  Nielsen,  Chairman  of  this  "Symposium  on  Aeroelastic 
and  Dynamic  Modeling  Technology"  and  Director  of  the  new  Air  Force 
Flight  Dynamics  Laboratory.  This  Laboratory  is  part  of  the  Research 
and  Technology  Division  of  Air  Force  Systems  Command. 

It  is  my  distinct  pleasure  to  open  this  meeting  of  distinguished 
scientists  and  engineers  who  have  convened  to  discuss  an  important 
and  timely  subject.  Moreover,  it  is  most  fitting  that  sponsorship  of 
this  meeting  exemplifies  the  very  high  degree  of  cooperation  between 
the  Government  and  the  Aerospace  Industry  that  is  so  necessary  to 
promote  progress  in  research,  applications  and  aerospace  vehicle 
development . 

This  symposium  will  be  conducted  in  two  parts.  The  first 
unclassified  portion,  consisting  of  four  sessions  here  at  this  hotel, 
is  sponsored  jointly  by  the  Dynamics  and  Aeroelasticity  Research  Panel 
of  the  Aerospace  Industries  Association  and  the  Air  Force  Flight 
Dynamics  Laboratory.  Two  Confidential  sessions  will  convene  at 
Wright -Patterson  Air  Force  Base  on  Wednesday.  These  Classified 
sessions  are  sponsored  by  the  Flight  Dynamics  Laboratory  because  of 
administrative  reasons  but  the  AIA  also  contributed  significantly  to 
this  portion  of  the  program. 

Meetings  on  theoretical  contributions  to  the  state-of-the-art 
are  held  rather  frequently.  The  remarkable  contributions  of  theory 
and  analyses  are  thus  comparatively  well  disseminated.  While  the 
usefulness  of  the  model  is  well  recognised  and  while,  in  many  cases, 
the  payoffs  from  the  model  approach  have  been  greater  than  analytical 
efforts  and  fuil  scale  tests,  nevertheless,  the  state-of-the-art  in 
dynamic  model  simulation  has  not  received  in  technical  meetings  an 
attention  which  is  justly  proportional  to  its  importance  and  contri¬ 
bution.  Thus,  the  sponsoring  groups  considered  it  most  desirable, 
particular' ly  from  the  standpoint  of  greater  future  impact,  to  hold 
this  meeting  on  modeling  technology  and  to  discuss  where  models  could 
return  maximum  information  on  aerospace  feasibility,  s^ety,  reli¬ 
ability  and  efficiency  in  the  area  of  stability  and  control, 
structural  dynamics  and  aorotheraoelasticity. 


As  you  know,  the  supersonic  transport  development  is  being 
directed  by  the  Federal  Aviation  Agency  with  contributions  from  the 
Air  Force,  the  National  Aeronautics  and  Space  Administration  and 
many  Aerospace  Industry  members.  Experimental  model  efforts  will 
contribute  significantly  to  the  development  of  this  advanced  air¬ 
craft. 

One  of  our  distinguished  guests  will  be  Mr.  Gordon  Bain,  Deputy 
Administrator  for  Supersonic  Transport  Development  of  the  FAA.  He 
will  be  our  banquet  speaker  tomorrow  night  and  will  present  an 
exceedingly  interesting  discussion  on  the  Supersonic  Transport.  I 
urge  all  of  you  to  attend. 

Now,  I  am  most  pleased  to  place  you  in  the  hospitable  hands  of 
our  official  welcomer,  Mr.  Peter  Murray,  Assistant  for  Research  and 
Technology,  Office  of  the  Deputy  Commander/ Research  and  Engineering. 
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Pater  R.  Murray 

Assistant  for  Research  and  Technology 


Thank  you,  Colonel  Nielsen.  Gentlemen,  it  is  indeed  a  pleas  e 
for  me  to  welcome  you  to  this  Symposium  on  Aeroelastic  and  Dynamic 
Modeling  Technology  on  behalf  of  its  co-sponsors,  the  Aerospace 
Industries  Association  of  America  and  the  Research  and  Techno'!-'  < 
Division  of  the  Air  Force  Systams  Command. 

We  of  the  RTD,  as  our  Division  is  referred  to,  bell*  ve  strongly 
in  the  worth  of  the  Symposia  which  we  hold  from  time  to  c  me.  Our 
job  for  today  and  for  tomorrow  is  to  formulate  and  ther.  accomplish 
programs  of  research  and  investigation  that  will  advance  the  state- 
of-the-art  in  all  of  the  aerospace  disciplines.  You  have  all,  I  am 
sure,  heard  it  sail  before  that  we  mast  do  this  in  the  most  knowledge¬ 
able  way  we  can  so  that  we  will  obtain  the  best  return  on  our  committed 
dollars ;  bu'  of  equal  importance  today  is  that  we  must  also  obtain 
significant  progress  in  a  scientific  and  engineering  sense  on  the 
investment  of  time  and  talent  that  these  programs  entail.  Selectivity, 
then,  becomes  our  hardest  task  and  to  do  a  good  job  here  we  need  the 
assistance  of  the  managers  and  experts  of  Industry,  the  Research 
Institutes,  the  Universities  and  our  sister  government  agencies  whom 
you  represent. 

J  believe  that  the  subject  which  you  have  chosen  to  explore-  in 
this  Symposium  on  aeroelastic  and  dynamic  modeling  technology  is  of 
extreme  importance  not  only  to  progress  in  flight  vehicle  design  and 
development  but  also  to  the  entire  spectrum  of  research  and  develop¬ 
ment  activity.  Certainly,  aeronautical  engineering  has  always  made 
expensive  use  of  engineering  modeling  ever  since  the  time  of  the 
Wright  brothers  when  model  tests  in  wind  tunnels  taught  them  not  only 
how  to  design  but  also  how  to  fly  powered  aircraft.  An  important 
forward  step  in  modeling  technology  took  place  when  the  complex  prob¬ 
lems  of  structural  dynamics  yielded  to  the  techniques  of  dynamic 
nod'; is  of  wings,  tails,  control  surfaces  and  even  entire  aircraft- 
and  afforded  an  engineering  check  on  the  flutter  safety  of  aircraft. 

The  record  of  the  prevention  of  catastrophic  flutter  failures  ir.  all 
classes  of  aircraft  to  date  is  indeed  an  excellent  one,  A  tribute  to 
the  skills  and  dedication  of  all  of  you.  9ut  even  sore  complex  prob¬ 
lems  are  pressing  on  us  today. 


It  has  never  been  a  simple  matter  ever,  to  scale  models  for  aero- 
oiastic  effects;  and  the  present  necessity  to  provide  thermal  dupli¬ 
cation  is  a  major  area  of  investigation  in  itself.  It  has  been 


KEYNOTE  ADDRESS 


by 

Robert  <J.  Lutz 

Aerospace  Industries  Association 


I  am  honored  to  represent  the  Aerospace  Industries  as  your 
keynote  address  speaker.  When  I  contemplate  a  keynote  address,  I 
recall  the  image  of  a  distinguished  political  figure  delivering  the 
keynote  address  to  a  nominating  convention.  Such  speeches  are  made 
with  great  fervor  and  extol  in  clarion  tones  the  virtues  of  one 
party  and  the  deficiencies  of  the  opposition.  Such  speeches  are 
highly  emotional  and  no  doubt  serve  to  provide  a  spirited  sense  of 
direction  for  all  of  the  speakers  that  follow.  As  I  understand  it, 
thi3  is  the  purpose  of  a  keynote  address. 

Our  symposium  is  not  a  political  convention,  nor  am  I  a  poli¬ 
tician.  Ours  is  a  technical  meeting — a  serious  technical  meeting 
held  to  review  the  state -of -the  arts  as  they  affect  structural 
dynamics  and,  in  particular,  modeling  techniques.  Furthermore,  we 
are  concerned  with  the  application  of  dynamic  modeling  to  the  solu¬ 
tion  of  complex  problems  involved  in  design  and  the  development  of 
large  Siigh-performance  aerospace  vehicles.  In  the  context  of  a 
technical  symposium,  it's  very  difficult  to  deliver  a  speech  having 
an  emotionally  charged  message. 

But,  exciting  or  not,  there  are  challenges  that  each  of  us  an 
members  of  the  technical  community  should  consider.  These  are  the 
challenges  that  confront  the  growth  and  expansion  of  our  technology. 
Those  of  us  who  work  in  the  technical  fields  and  who  have  been  trained 
as  engineers  or  scientists  regard  technical  progress  as  being  a  good 
thing.  The  history  of  our  civilization  shows  this.  Technical  devel¬ 
opments  have  made  life  fuller  and  better  in  most  respects  and, 
certainly,  more  comfortable.  We  accept  theso  to  be  facts. 


But  here  are  some  forces  that  are  attempting  to  slow  or  stop 
technological  growth.  In  nearly  every  popular  journal  or  periodical, 
you  will  find  the  well -expressed  concern  that  technical  prograss  is 
now  threatening  humanity.  You  wilx  find  this  expression  ranging  from 
the  fear  of  total  destruction  of  civilization  due  to  radiological 
hazards  connected  with  nuclear  programs  on  one  hand,  to  the  fear 
that  man  will  be  displaced  by  the  machine;  that  the  computer  age  will 
arrive;  that  man  will  become  obsolete  and  be  relegated  to  a  para¬ 
sitic  role. 


But  over  and  above  these  natural  fears  of  the  future,  there  is 
an  increasing  concern  with  the  economic  costs  of  our  technical 
progress.  How  shall  it  be  paid  for?  Is  the  technical  advancement 
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truly  worthwhile?  Does  it  produce  a  better,  or  a  more  simple,  or  a 
more  useful  product?  These  are  the  questions  that  are  asked  not 
only  by  the  man  on  the  street  but  by  his  representatives  in  govern¬ 
ment  which,  as  you  are  well  aware,  funds  a  major  portion  of  our 
research  and  development  program.  These  questions  are  likewise 
asked  by  men  in  business,  managers  who  are  responsible  for  the 
activities  of  the  corporations  that  conduct  major  business  of  oar 
nation. 

So  we  must  face  up  to  the  fact  that  we  do  have  a  problem  which 
may  have  serious  impact  upon  our  technical  progress.  A  part  of  our 
problem  can  be  charged  to  indifference.  Perhaps  this  is  a  strong 
word,  but  let  me  explain.  As  technical  people,  we  are  apt  to  lose 
touch  with  the  lay  world.  We  are  like  the  monks  of  medieval  times. 

We  tend  to  associate  so  consistently  with  people  who  speak  our  own 
technical  language  and  who  share  our  own  purposes  and  beliefs  that 
we  fail  to  consider  the  need  to  be  understood  by  the  uninitiated  lay 
world.  In  fact,  there  are  instances  where  the  isolation  can  be  so 
effective  that  technical  people  working  within  one  specific  field 
are  unable  to  communicate  with  associates  in  other  fields.  I  am 
sure  that  each  of  us  from  time  to  time  has  experienced  the  frustra¬ 
tion  of  attempting  to  read  an  over-sophisticated  paper  in  which  the 
author  succumbs  to  the  temptation  to  use  highly  specialised  termi¬ 
nology  to  express  simple  ideas. 

The  failure  of  our  technical  community  to  woo  and  win  the  under¬ 
standing  of  the  layman  frequently  extends  into  industry  as  failure 
to  win  the  understanding  of  management.  There  are  many  programs 
proposed  to  management  by  which  it  is  understandably  perplexed  not 
only  by  the  cost,  but  by  the  rather  inconclusive  promises  of  gain  or 
purpose.  As  a  result,  we  often  find  that  the  technical  research 
worker  rarely  believes  he  has  sufficient  resources  in  terms  of  men 
or  facilities  to  accomplish  his  task;  while  the  manager  on  the  other 
hand  is  at  a  loss  to  understand  his  Research  Department's  insatiable 
appetite  for  continuing  and  growing  of  support. 

So  as  incongruous  as  it  may  appear,  we  the  flag  bearers  of  our 
technological  advancement,  and  that  includes  the  whole  of  us  in  this 
assembly,  have  the  job  of  selling  the  idea  of  technical  growth  and 
its  benefits.  We  must  accept  the  responsibil ity  for  attempting  to 
win  the  wholehearted  support  and  understanding  of  the  taxpayer  and 
of  the  various  agencies  who  have  a  x'esponsibility  in  administering 
our  programs  whether  within  the  government  or  within  industry.  This 
understanding  can  only  be  gained  by  our  efforts  to  present  our 
objectives  in  clear  and  simple  terms — to  honestly  estimate  costs  and 
to  attempt  to  assess  the  probability  of  success. 

This  communication  of  understanding  most  certainly  extends  to 
the  subject  we  are  going  to  discuss  in  this  symposium.  The  appreci¬ 
ation  of  the  importance  played  by  structural  dynamics  in  modern 


design  is  still  relatively  restricted.  The  subject  did  not  appear  in 
the  curriculums  of  our  engineering  schools  until  the  period  following 
the  end  of  World  Wat'  II,  so  that  there  are  many  in  the  industry  who 
have  only  a  passing  and  superficial  feel  for  the  importance  that 
dynamics  plays  in  the  design  of  our  modem  vehicles.  Add  to  this  the 
concept  of  dynamic  modeling  and  you  can  appreciate  that  management 
may  be  mystified  at  some  of  the  proposals  that  are  from  time  to  time 
advanced  for  its  consideration. 
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OPENING  REMARKS  OF  SESSION  I 


by 

Dr.  Raymond  L.  Bisplinghoff 


It  is  a  distinct  honor  to  chair  this  first  session  on  Theory 
and  Design.  We  can  observe,  since  more  than  300  of  our  colleagues 
are  present,  that  we  are  dealing  with  a  very  popular  subject.  As 
youngsters  we  all  played  with  toys  and  many  of  us  built  models.  As 
adult  scientists  and  engineers  we  spend  much  of  our  time  building 
models.  In  fact,  our  success  often  depends  upon  our  ability  to  devise 
mathematical  and  physical  models.  The  former  can  be  used  to  exploit 
the  laws  of  mathematics  and  the  latter  the  laws  of  physics.  Bohr's 
classical  hydrogen  atom  is  an  example  of  a  physical  model  devised  by 
a  scientist  to  study  the  microscopic  world.  Many  examples  can  be 
cited  of  models  employed  by  engineers  to  study  the  macroscopic  world. 

Development  of  the  field  of  aeronautical  engineering  has  been 
profoundly  influenced  by  models.  We  are  told  of  an  ornithopter  model 
constructed  by  Leonardo  da  Vinci.  Samuel  Pierpont  Langley  demon¬ 
strated  heavier  than  air  flight  for  the  first  time  by  means  of  a  very 
successful  steam  driven  model  airplane.  He  was  unfortunately  unable 
to  translate  model  technology  into  that  of  a  successful  man-carrying 
machine.  Flying  and  wind  tunnel  models  of  various  kinds  were  employed 
usefully  to  various  degrees  by  Alexander  Graham  Bell,  Otto  Lilienthal, 
and  the  Wrights. 

The  wind  tunnel  model,  at  first,  and  later  the  dynamic  model 
became  important  development  tools  for  the  aeronautical  engineer. 
Today,  the  space  program  offers  a  vast  potential  for  increased  employ¬ 
ment  of  a  wide  variety  of  models.  The  high  costs  of  full  scale 
prototypes  demand  that  we  learn  as  much  as  possible  about  these 
prototypes  prior  to  the  v  construction.  The  NASA  is  taking  the  first 
steps  in  the  dynamic  modeling  of  large  boosters.  Our  ability  to 
construct  a  gaseous  core  nuclear  rocket  will  depend  upon  simulation 
by  means  of  hydrodynamic  models  of  the  flow  pattern  of  the  fissionable 
material  in  the  gaseous  phase.  Modeling  techniques  may  be  employed  to 
advantage  in  both  reentry  and  space  vehicles. 

Regardless  of  which  model  is  employed,  there  exists  the  problem 
of  how  model  behavior  is  extrapolated  to  full-scale.  Nature  rarely 
permits  full  simulation,  and  in  most  cases  we  must  be  content  with 
limited  purpose  models.  The  simplicity  of  the  reduced  frequency 
scaling  parameter  of  potential  flow  flutter  will  rarely  be  equaled  in 
the  more  complex  problems  which  lie  ahead. 

In  this  morning  session  we  will  be  privileged  to  hear  of  new 
applications  of  dynamic  modeling  and  of  the  similitude  requirements 
which  relate  to  them. 
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ABSTRACT 


DYNAMIC  MODELING,  ITS  PAST  AND  FUTURE 
by 

Dale  E.  Cooley  and  Robert  F,  Cook 


In  the  field  of  aeroelastic  instabilities,  experimental  results  obtained 
from  dynamic  models  have  been  a  vital  source  of  information  needed  to  verify 
the  accuracy  of  prediction  methods,  establish  design  criteria  and  to  determine 
the  structural  adequacy  of  flight  vehicles.  Recently,  the  use  of  modeling  for 
vibration  and  sonic  fatigue  prediction  has  been  investigated  and  results 
indicate  that  modeling  may  be  a  valuable  technique.  This  paper  covers,  first, 
the  historical  background  of  dynamic  modeling  and  the  evolution  to  the  current 
state-of-the-art  of  modeling  methods  and  uses.  A  review  and  discussion  of 
recent  research  efforts  dealing  with  various  modeling  problems,  including 
flutter  models  for  inflatable  structures,  high  angles-of-attack,  high  tempera¬ 
ture  environments,  vibration  and  sonic  fatigue  prediction  are  presented.  Also 
included  are  remarks  concerning  future  requirements  and  problem  areas  where 
research  is  needed  to  assure  the  availability  of  adequate  modeling  technology 
for  the  potential  dynamic  problems  of  advanced  flight  vehicles. 
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DYNAMIC  MODELING  -  ITS  PAHT  AND  FUTURE 

Dele  E.  Cooley  and  Robert  F.  Cook 
AF  Flight  Dynamics  Laboratory 


INTRODUCTION 

One  of  the  oldest  hobbies  of  mankind  is  the  making  and  use  of  models. 
According  to  the  Encyclopaedia  Britannica  (Ref.  1)  the  early  Egyptians  believed 
that  the  human  spirit  after  death  could  travel  on  land,  but  required  assistance 
to  cross  water.  Therefore,  a  small  model  boat  called  a  *opirit  Lhip"  was 
buried  with  their  deaa  to  help  their  soul  across  the  troubled  river  Nile. 

Others  believed  models  could  frighten  away  evil  spirits.  We  might  say  that 
even  today  we  use  dynamic  models  to  assist  us  across  the  troubled  waters  of 
aircraft  design  and  to  frighten  away  the  evils  of  dynamic  problems. 

Leonardo  de  Vinci  (1452  -  1519)  was  an  early  pioneer  of  the  science  of 
flight.  He  made  an  intense  study  of  the  flight  of  birds  for  application  of 
similarity  methods  for  manned  flights.  According  to  his  notes,  (Ref.  2),  he 
used  a  form  of  dynamic  model  to  investigate  principles  or  check-out  theories. 

For  example.  Figure  1  shows  an  interesting  sketch  from  his  notes  of  a  bird  sus¬ 
pended  from  a  bracket  by  means  of  a  pulley  which  he  usea  to  restrain  the  bird 
to  study  its  flying  characteristics.  This  may  have  been  one  of  the  earliest 
flutter  model  studies.  Dynamic  modeling  technology  had  its  very  early  beginning 
in  the  three  following  arees: 

Hteady  state  aerodynamic  models  -  Model  aircraft  were  built  back  as  far  as 
Leonardo  de  \inci,  but  models  of  manned  aircraft  began  with  Orville  ana  Wilbur 
Wright  in  about  1899,  (Ref.  'j).  The  Wright  brothers  built  a  five  foot  wing  span 
moael  to  investigate  the  wing  twisting  principle  for  tuniing  control.  In  about 
1901,  the  Wright  brothers  built  a  wind  tunnel  and  tested  model  wings  to  determine 
their  flight  characteristics.  Bince  that  time  models  have  been  used  extensively 
to  test  the  aerodynamic  characteristics  of  all  aircraft  components  such  as  wheels 
nacelles,  pods,  wing  as  well  as  the  complete  aircraft  configuration. 

structural  models  -  The  first  scientific  investigation  of  the  resistance  of 
solids  to  structural  failure  appears  to  have  been  about  lbjd  by  the  Italian 

genius,  Galileo,  who  considereu  a  beam  built  into  a  wall  at  one  end  and  loaded  by 

its  own  or  applied  weight,  (Hef.  4)»  oince  there  was  no  known  relation  between 
load  and  displacement  at  the  time,  Galileo's  inquiry  did  not  give  satisfactory 
results.  This  relation  between  stress  and  strain  was  experimentally  discovered 
in  England  in  1660  by  Robert  Hooke  and  provided  the  foundation  for  the  mathemati¬ 
cal  theory  of  elasticity  including  elastic  vibrations,  xxxue  of  the  earliest 
correct,  published  accounts  of  experimental  studies  on  the  vibration  of  strings 
is  credited  to  the  Franciscan  friar,  Marin  Mersenne  about  I636.  (Ref.  3). 

Mersenne  measured  the  frequency  of  vibration  of  a  long  string  end  from  this  in¬ 
ferred  the  frequency  of  a  short  string  of  the  same  density  and  tension.  Inis  wua 

apparently  the  first  direct  determination  of  the  frequency  of  a  musical  note. 

Around  1755*  Daniel  Bernoulli  worked  on  the  various  vibration  modes  of  strings 
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and  Lagrange  developed  theoretical  methods  for  the  solution  of  the  vibrating 
string  problem  in  1759*  Euler  and  Daniel  Bernoulli  conducted  studies  on  the 
vibration  of  rods  and  bars  around  1750.  While  the  analytical  solution  of  plates 
came  much  later,  E.F.F.  Chladni  published  in  1787  a  description  of  his  experi¬ 
mental  work  on  plates  using  sand  sprinkled  on  the  vibrating  plates  to  show  nodal 
lines,  (Ref,  5)«  The  method  of  using  sand  to  determine  node  lines  on  vibratory 
models  is  still  widely  used.  Around  1900,  the  analytical  work  and  observation  of 
E.  Mathieu  and  also,  Lord  Rayleigh  contributed  uo  the  extension  of  vibration 
analytical  methods  from  flat  plates  to  curved  plates  and  shells,  (Ref.  4).  These 
early  investigations  formed  a  basis  for  the  structural  dynamics  investigations 
required  for  the  intricate,  lightweight  scructure  used  in  aircraft. 


Acoustic  models  -  Acoustic  modeling  originated  shortly  after  1900  by  Sabine 
and  Watson  (Ref.  6)  in  the  field  of  Architectural  Acoustics.  Two  dimensional 
models  of  auditoriums  were  excited  by  noise  sources  and  the  wave  propagation 
recorded  by  Schlieren  photography.  Water  models  were  also  used  in  architectural 
work.  These  models  consisted  of  a  shallow  tray  naving  rectangular  rods  to  form 
the  shape  to  be  studied,  filled  with  water.  An  exciter,  usually  a  small  plunger 
mounted  on  a  variable  speed  crank,  was  used  to  disturb  the  water  surface,  thus 
producing  waves  much  like  that  from  a  stone  thrown  in  a  pond.  The  wave  propaga¬ 
tion  and  reflections  around  complex  objects  could  then  be  studied,  (Figure  2). 


REQUIREMENT  FOR  VEHICLS  DYNAMIC  MODELS 


Any  aircraft  must  of  necessity  be  of  light  construction,  and,  therefore,  is 
flexible  and  subject  to  deformations.  As  a  result,  dynamic  problems  in  ~ero- 
elasticity,  vibration,  and  related  dynamic  areas  occurred  early  in  aircraft 
history. 


Adequate  prediction  and  control  of  structural  dynamic  problems  i?  -  .  impor¬ 
tant  consideration  in  the  development  of  flight  vehicles  because  of  :n-:  1 
for  higher  reliability  and  more  efficient  use  of  materiel  to  achieve  ...u  .*;•  .  form- 
ance  desired.  Some  of  these  dynamic  problems  which  have  been  experienced  m  the 
development  of  flight  vehicles  are: 


1.  Lifting  Surface  Flutter 


2.  Control  Surface  buzz 

3.  Lanel  .and  Shell  Flutter 

4.  ms3ile  oody  oending  -  thrust  vector  instabilities 

5.  Sonic  Fatigue 

o.  Fcccossive  Noise  mu  Vibration 


7.  Landing  impact  Ioad3 


4.  Excessive  response  in  resonant  vibration  modes  due  to  buffet,  gusts, 
exaiust  r.oi30,  or  other  random  aerodynamic  forces. 


I’r.ese  dynamic  proolems  arc  very  complex  phenomena  involving  many  parameters 
ouch  as  inertia  forces,  damping  forces,  aerodynamic  loading,  noise  pressures, 
elastic  forces,  gravitational  forces  and  control  system  inputs.  Because  of  this 


16 


■J 


m 


,y.VV( 


complexityf  the  theoretical  treatment  is  often  lacking  or  inadequate  to  repre¬ 
sent  and  predict  these  phenomena.  Experimental  investigations  have  thus  become 
fundamental  in  the  study  and  treatment  of  these  dynamic  phenomena.  Models  are 
often  used  in  tests  because  testing  of  full  scale  specimens  are  often  impractical 
because  of  equipment  limitations,  expense  of  testing  large  specimens,  lack  of 
test  facilities,  etc.  Therefore,  much  work  has  been  done  in  developing  the  now 
generally  accepted  techniques  for  scaled  dynamic  modeling.  Today  the  use  of 
dynamic  models  has  become  a  vital  part  of  most  investigations  of  dynamic  pheno¬ 
mena  to  assure  adequate  design  and  flight  safety  for  flight  vehicles,  borne  of 
the  important  uses  of  dynamic  models  are: 


1.  Provide  guidance  for  the  development  or  verification  of  useful  theories 
by  pointing  out  important  parameters,  and  trends. 

2.  Evaluate  immediate  practical  problems  and  fixes  where  theory  is  not 
yet  dependable. 


3.  Allow  "proof- tests*  of  final  vehicle  designs  to  assure  absence  of 
dynamic  problems.  This  depends  upon  validity  of  the  model  which  is  not  always 
known.  In  some  cases,  such  as  missiles,  a  model  is  the  only  vehicle  available 
for  test. 

When  models  are  used  to  investigate  dynamic  problems  rather  than  the  actual 
flight  vehicle  in  the  true  environment,  some  assumptions  or  approximations  may 
need  to  be  made.  Great  care  must  be  taken  in  order  to  achieve  results  on  a 
reduced  scale  dynamic  model  which  will  have  application  to  the  full-scale  actual 
vehicle.  A  general  similarity  analysis  between  the  dynamic  model  test  conditions 
and  full-scale  or  prototype  conditions  will  provide  a  set  of  many  parameters  and 
variables  which  lead  to  various  conflicting  moael  requirements  which  would  at 
first  appear  to  be  hopeless.  It  is  far  from  easy  to  obtain  moael  results  which 
are  truly  representative  of  the  full  scale  phenomena.  Clearly  many  compromises 
must  be  made.  But  the  primary  and  secondary  parameters  which  must  be  similar 
or  proportional  between  model  and  full  scale  vehicle  can  be  established  by  care¬ 
ful  attention  to  the  physical  phenomena  to  be  investigated,  the  environmental 
conditions  and  the  vehicle  characteristics.  These  principles  of  similarity  for 
dynamic  models  have  been  evolved  over  many  years  of  research  and  development  work 
and  some  are  discussed  in  detail  in  Keferences  7,  8  ana  9.  In  general,  the  broad 
requirements  for  dynamic  models  are  as  follows: 

1.  Geometric  similarity  (  for  establishing  moael  scale  and  also  shape  where 
aerodynamics  are  important). 

2.  similarity  of  distribution  of  stiffness  and  of  restraints.  In  general, 
model  and  prototype  should  have  similarity  in  recurrent  frequencies  ana  moae 
shapes  for  those  vibration  modes  which  can  influence  the  phenomena. 

3.  similarity  of  the  ratio  of  stiffness  to  dynamic  pressuru  for  flutter 


tests,  h 


4*  similarity  of  mass-alti tuae  parameter, 
density  to  air  aensity).  / 


(Which  governs  material 
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5.  Similarity  of  Mach  number  if  compressibility  effects  are  important 
to  aerodynamic  loads. 

6.  similarity  of  Reynolds  number  where  flow  separation  or  boundary  layer 
or  other  viscous  flow  effects  are  significant. 

7.  tfhere  thermal  effects  are  important  many  additional  requirements  must 
be  met  such  as  similarity  of  temperature  distribution,  thermal  strains,  and 
often  structural  aetails  such  as  joints  must  be  accurately  simulated. 

8.  similarity  of  the  spatial  distribution,  level  and  appropriate  frequency 
spectrum  in  the  noise  field  for  sonic  fatigue  tests. 

APPLICATIONS  OF  DYNAMIC  MOLE  LB 

Aeroelastic  phenomena  such  as  flutter  are  among  the  most  spectacular  and 
dangerous  dynamic  phenomena  facing  the  aircraft  designer.  Dynamic  problems  in 
aeroelasticity,  which  involve  the  aircraft  structural  deformations  and  aero¬ 
dynamic  forces  date  back  to  the  early  days  of  tforld  */ar  I  when  control  surface 
flutter  became  wide  spread.  The  flutter  oscillations  were  caused  by  the  inter¬ 
action  of  the  motion  of  the  surface  with  the  induced,  destabilizing  aerodynamic 
forces.  During  world  War  I,  several  cases  occurred  where  flutter  caused  the 
ailerons,  and  in  severe  cases  portions  of  the  wings,  to  break  and  tear  off, 

(Ref.  10).  Model  tests  were  used  to  study  these  early  flutter  problems  and  to 
establish  design  requirements  which  define  the  mass  needed  ahead  of  the  control 
surface  hinge  line  to  decouple  the  modes  of  vibration  and  thus  prevent  flutter. 
In  this  early  stage  of  flutter  investigation  experimental  results  were  generally 
relied  upon  because  the  very  early  theoretical  work  was  usually  inadequate  to 
represent  the  aerodynamic  oscillation  forces. 
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\  The  early  biplanes,  with  their  wing  bracing,  had  a  relatively  stiff  struc- 

'  ture  and  serious  wing  flutter  problems  were  generally  avoided,  however,  as  the 

j  speed  increased,  for  even  those  early  days,  the  flutter  problem  began  to  appear 

i  in  the  late  1920's  and  early  19jCl 3. 

An  example  of  the  model  work  of  this  period  is  that  by  Perring  of  Britain 
i  (Ref.  11  and  12)  involving  wind  tunnel  model  tests  of  the  wing  of  a  single 

J  seater  biplane.  The  model  was  a  seraispan  bi-wing  mounted  in  a  five  foot  wind 

1  tunnel  as  shown  in  Figure  j.  The  experiments  induced  an  extensive  investiga- 

,  tion  of  aileron  parameters  such  as  viscous  damping,  inertia;  wing  mass  para- 

i  meters  such  as  struts,  ana  quantity  of  fuel  in  the  tank,  oorae  simple  fuselage 

inertia  parameters  were  simulated  although  elastic  effects  of  the  fuseluge 
,  were  not  simulated.  This  type  of  test  provided  useful  parameter  trenus  which 

1  gave  insight  into  the  flutter  mecuanism  and  verified  analytical  results. 

In  Gel-many  some  unconventional  biplane  uesigns  experienced  flutter  diffi¬ 
culties  around  1930  such  us  the  HebU  (Ref.  10).  The  aircraft  is  shown  in 
Figure  ij.  The  lower  wing  was  braced  against  floats,  but  there  was  no  bracing 
between  the  upper  and  lower  wings.  „lso,  steel  was  used  in  the  spar  rather 
•  than  wooes,  oince  the  ratio  of  elasticity  to  strength  was  lower  for  steel  than 

|  the  wood,  the  wing  hau  lower  frequencies  for  the  same  strength  design.  There¬ 

fore  ,  the  upper  wing  was  relatively  flexible  and  in  addition  the  aileron  system 
was  not  balanced.  In  an  attempt  to  reach  the  design  diving  speed  of  about  227 
miles/ hour  the  airplane  experienced  dangerous  wing  flutter  at  ahout  21d  miles/ 
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hour  and  crashed  as  a  result  of  a  torn  upper  wing. 

Two  dynamically  similar  models  were  designed  and  built  of  1:5*6  scale  to 
determine  the  cause  of  the  accident  and  to  evaluate  structural  changes  in  the 
wing  to  prevent  flutter.  Whereas,  most  early  flutter  model  tests  were  to  study 
trends  of  parameter  variations,  great  care  was  taken  during  this  moael  investi¬ 
gation  to  obtain  the  reduced  frequency,  parameter  bCO  similar  to  the  full* 

V, 

scale  airplane  for  nearly  complete  dynamic  similarity.  The  reduced  frequency 
is  a  ratio  of  the  product  of  the  wing  semichord,  b,  and  wing  torsional  frequency, 
CO  .  to  the  forward  velocity,  .such  similarity  between  model  and  prototype  is 
required  for  flutter  models  today. 

During  the  1930-1940  time  period  the  work  of  several  scientists  such  as 
Glauert  (Kef.  13).  Duncan  and  Collar  (Kef.  14)  in  England,  and  Kussner  (Kef.  13 
and  16)  in  Germany  and  by  T.  Theodorsen  (Hef.  1?)  in  the  Unitea  otates,  and 
others,  providea  the  improved  unsteady  aerodynamic  theoretical  methods  for 
treating  and  understanaing  the  dynamic  flutter  phenomena,  a  series  of  tables 
of  unsteady  aerodynamic  coefficients  computea  from  the  complex  theories,  along 
with  suggested  procedures  for  flutter  analyses,  was  published  by  bright  f'iela 
in  Air  force  Technical  Keport  4798  'Application  of  Three  Dimensional  flutter 
Theory  to  Aircraft  structures"  (Kef.  18).  This  report  became  the  handbook  for 
conaucting  flutter  analyses  for  several  years. 

with  tnese  analytical  tools  it  was  possible  to  obtain  a  better  understana- 
ing  of  the  flutter  phenomena  and  to  predict  potential  flutter  problems  in  the 
design  of  aircraft,  with  these  theories,  corrective  steps  could  be  undertaken 
in  most  cases,  to  prevent  or  correct  problems.  However,  unconventional  aircraft 
such  as  the  Vultee  XK-54  which  appeared  about  1942  proviaea  some  unoxtnodox 
flutter  problems.  This  fighter  airplane  haa  a  pusher  propulsion  system  on  the 
aft  fuselage.  IVin  booms  extended  aft  from  the  wing  to  support  the  horizontal 
ana  vertical  tails,  because  of  its  unusual  aesign  a  plastic  replica  flutter 
model  of  the  airplane  was  specifiea  uy  the  Air  force  ana  built  ana  testea  by 
Vultee.  This  flutter  model  is  shown  in  figure  5.  an  elevator  flutter  problem 
was  ae tec  tea  during  the  wind  tunnel  tests  and  corrections  prevented  this  problem 
on  the  airplane,  'ihis  moael  cost  about  Jo.UUU. 

'ihe  Hying  wmg  wi  tn  its  30w  wing,  sweep  also  proviaea  an  -.nccnven  tion- 

bi  problem  in  flutter  predictions  ior  which  the  aerodynamic  theory  was  not  ade¬ 
quate.  n  complete  airplane  llutter  model  shown  in  figure  h  was  constructed  by 
modeling  each  part  oua  testea  in  the  20  foot  wind  tunnel  ut  wright  Mela  about 
194b.  inesc  tests  showed  tr.e  airplane  should  ae  free  from  flutter  or.u  extensive 
flight  flutter  tests  were  not  netaec- 

other  complexi  ties  in  aesign,  such  as  the  lloxin  li  tics  ot  the  pylon 
mounted  engines  began  to  oppour  on  aircraft.  Ihe  turn  a  highly  swept  wing 

and  pylon  mounted  engines,  flutter  model  tests  were  thereiore  required  by  the 
*%ir  force.  ihc  model  testea  by  The  doeing  company  was  essentially  fret  Hying 
on  a  rod  it.  tnc  wind  tunnel  providing  representation  of  the  actual  1  light 

characteristics,  (figure  7  J.  ihe  flexibilities  ol  these  complex  designs  such 
as  the  u-a7,  ar.c  larger  modern  jst  transport  aircraft  proviued  many  dynamic 

problems  which  have  beer,  resolved  end  safety  veriliea  by  flutter  model  teats  in 
tr.e  winu  tunnel.  *  ii-3<:  flutter  monel  heir.*.  testea  in  tr.e  wind  tunnel  is  shewn 
in  figure  3. 


..round  1930  flight  at  sonic  speeds  became  possible  with  improved  aero- 
aynamic  and  propulsion  techniques.  Compressibility  effects  on  the  unsteady 
aerodynamic  forces  in  the  transonic  speed  range  generally  have  a  detrimental 
eilect  on  flutter  stability  and  theoretical  flutter  prediction  methods  were  not 
available  for  this  speeu  range.  Also,  the  thin  wings  for  high  speeu  aircraft 
had  lower  stiffness  levels.  Therefore,  flutter  model  tests  were  used  extensive¬ 
ly  to  establish  stiffness  requirements  for  preventing  flutter  at  transonic  and 
low  supersonic  speeds. 

About  1950  when  transonic  wind  tunnels  suitable  for  flutter  testing  were 
very  scarce  some  flutter  model  tests  were  conducted  by  the  AiaL  on  rocket  sleds 
(figure  9),  ana  on  the  wing  of  an  F-80  aircraft  up  to  about  M  =  1,  (Figure  10). 
Free  flight  rocket  models  have  also  been  used  for  high  speed  flutter  model 
tests.  Figure  11  shows  a  B-3d  free  flight  flutter  model  on  a  rocket  launcher, 
around  1937*  Cornell  Aeronautical  Laboratory  (Ref.  19)  corapletea  a  research  pro¬ 
gram  in  their  transonic  wind  tunnel  sponsored  by  the  Air  Force  to  carefully  and 
systematically  define  flutter  boundaries  in  the  Miach  number  range  up  to  about 
1.2,  lor  straight,  swept  and  delta  planforms.  The  models  used  a  lightweight 
plastic  foam  core  covered  with  aluminum  foil.  This  provided  a  lightweight  model 
as  required  for  dynamic  similarity  in  the  transonic  wind  tunnel.  The  transonic 
speed  range  in  most  cases  continues  to  be  critical  from  a  stiffness  standpoint 
lor  prevention  of  flutter  ana  thus,  much  transonic  wind  tunnel  modeling  work  is 
generally  required  for  most  new  high  speed  vehicles. 

The  use  of  flutter  models  has  provided  design  stiffness  requirements  and 
verifies  adequacy  of  design  for  most  of  the  modern  high  speed  aircraft,  a  very 
line  safety  record  has  been  established,  in  a  large  part  due  to  the  use  of 
flutter  models  to  verify  adequacy  of  the  design  from  a  flutter  safety  stand¬ 
point.  uig  flutter  problems  which  have  been  resolved  by  model  tests  include 
ail-movable  stabilizers,  T- tails,  and  wings  with  suspended  engines  and  stores. 
..ircraft  wnich  have  used  flutter  monels  to  verify  safety  and  resolve  problems 
early  in  the  design  include  the  F-10U,  F-101,  F-10L,  F-IO5,  B-^2,  B-38  and  the 
a-T,.  i'lutter  mocel  tests  are  also  an  important  part  of  the  B-70  flutter  pro¬ 
gram  including,  low  speed,  transonic  and  supersonic  tests.  Figure  12  shows  the 
d-70  flutter  moael.  Replica  type  mocel  construction  by  scaling  the  important 
structural  members  was  used  to  assure  aaequate  simulation  of  the  advanced  struc¬ 
tural  designs  ana  complex  vibration  modes. 

inc  supersonic  ana  hypersonic  speed  regimes  ere  growing  increasingly  impor¬ 
tant  for  advanced  vehicles.  Lxtensive  flutter  moael  investigations  have  been 
conuuctea  to  extend  flutter  trends  into  the  supersonic  ana  hypersonic  speed  re¬ 
gimes.  An  example  of  tuis  type  of  investigation  is  the  work  sponsored  by  the 
a witn  Massachusetts  Institute  of  Technology  to  cover  the  i'tech  number  range 
from  1  ,'j  to  >0.  inis  was  completed  in  1939  (Ref.  20).  Another  with  Cornell 
Aeronautical  laboratory  covered  the  range  5  to  8  and  was  completed  about  I96I 
(itef.  cl  ano  <2/  arm  extended  to  w  =  10  tnis  year.  At  M  =  10  the  stagnation 
temperature  was  nrouna  l4u0°r  (to  prevent  liquidation  in  the  air),  so  that  the 
i.oael  must  ce  very  temperature  resistant.  ine  hypersonic  inoaels  were  consti'uctea 
with  u  ceramic  learn  core  with  a  fi  Derg  lass  covering.  The  kao*  nas  done  some  ex¬ 
ploratory  iiutter  model  work  at  about  iyi  =  1^  in  a  new  facility  at  Langley  which 
uses  nelium  as  a  teat  medium,  with  helium,  stagnation  temperatures  can  be  kept 
lower,  avoiuihf  many  thermal  problems  witn  the  models.  These  data  indicate  the 
supersonic  ana  hypersonic  speeu  regimes  will  generally  require  less  stiffness  to 
prevent  flutter  tnan  the  transonic  speed  regime.  But  for  the  very  lightweight 


structural  designs  of  advanced  vehicles  and  the  high  temperature  caused  by  aero¬ 
dynamic  heating  at  these  speeds,  these  high  speed  regimes  will  have  to  be  care¬ 
fully  investigated  for  advanced  systems. 

An  Air  Force  sponsored  program  to  determine  the  effects  of  angle  of  attack 
on  flutter  at  supersonic  and  hypersonic  speeds  with  Worth  American  Aviation, 
ColumDus  Division  has  been  recently  completed.  The  first  phase  covered  the 
Mach  number  range  from  1.0  to  5*°  ^  is  reported  in  Kef.  23*  The  second  phase 
from  M  =  5  to  8  was  recently  completed  and  will  be  reported  soon.  Some  of  the 
results  are  shown  in  Figure  13  and  indicate  that  over  the  Mach  number  range  test¬ 
ed  up  to  8,  high  angles  of  attack  can  have  a  very  detrimental  effect  on  flutter 
velocity  index.  The  models  were  semi-rigid  with  a  flexible  root  support  mechanism 
shown  in  Figure  14.  This  mechanism  provided  automatic  control  to  maintain  the 
model  at  the  correct  angle  of  attack  and  at  zero  roll  angle  as  the  dynamic 
pressure  and  lift  increased  as  flutter  was  approached.  This  control  consisted  of 
electric  motors  which  adjusted  the  tension  in  the  pitch  and  roll  springs  to  main¬ 
tain  the  pre-set  angle.  This  adjustment  of  spring  force  was  necessary  during  the 
test  because  at  high  angles  of  attack  the  lift  forces  generated  would  tend  to 
deflect  the  model  greatly  since  the  restraint  spring  must  be  quite  flexible  to 
obtain  flutter  in  the  wind  tunnel. 

An  advanced  method  of  testing  to  obtain  flutter  data  from  wind  tunnel 
models  that  can  be  interpreted  as  free-flight  data  through  the  use  of  mechanical 
admittance  measurements  has  been  recently  investigated  by  The  Boeing  Company 
under  sponsorship  of  the  Air  Force,  (Ref.  24  and  23).  Figure  15  is  a  schematic 
drawing  of  an  admittance  model  restrained  with  excitation  equipment  which  is 
mountea  on  a  sting  in  the  wind  tunnel  in  such  a  manner  that  the  model  is  more 
stable  with  the  restraints  than  without  the  restraints.  The  free  flight  flutter 
characteristics  of  the  model  can  be  determined  without  danger  of  loss  of  the 
model  by  providing  forced  excitation  to  the  model  and  observing  response,  to¬ 
gether  with  mathematical  removal  of  the  restraint  effects.  Under  an  Air  Force 
contract  with  Aerojet  General,  the  indicial  method  of  flutter  predictions  has 
been  evaluated.  This  method  includes  obtaining  aerodynamic  influence  coefficient 
on  a  segmented  delta  wing  model  and  applying  these  aerodynamic  data  in  a  flutter 
analysis  to  predict  flutter  speeds.  Figure  16  presents  a  drawing  of  the  model 
showing  the  three  segments  and  location  of  balances  used  to  determine  the  aero¬ 
dynamic  load  on  each  segment.  These  data  have  been  shown  to  give  very  good 
correlation  with  experimental  flutter  results  at  supersonic  speeds.  The  method 
is  to  be  checked  in  the  transonic  speed  range  in  the  near  future.  The  Massa¬ 
chusetts  Institute  of  Technology  is  investigating  the  flutter  characteristics 
of  an  inflatable  wing  model  up  to  M  =  6  under  Kaseax'ch  and  'Technology  Division 
sponsorship.  This  investigation  will  be  covered  in  detail  by  another  paper  at 
this  Symposium. 

Acoustic  and  vibration  investigations  on  Air  Force  aircraft  began  around 
1940.  The  investigations  were  required  because  of  crew  discomfort  and  reduction 
of  efficiency  on  long  missions.  Roise  investigations  by  models  included  vork  by 
Yudin  (Kef.  26)  in  1944  on  sound  eminating  from  rotating  rods.  Hubbard  (Kef.  28) 
utilized  model  propellers  to  determine  the  free  space  fluctuating  pressures  near 
the  tips  of  propellers.  Lighthill  (Ref.  29)  performed  experiments  using  model 
jets  to  determine  the  characteristics  of  noise  generated  by  turbulence.  Ligiu- 
hill'swork  provided  the  basis  for  the  following  studies. 

The  first  concerted  effort  in  applying  the  acoustic  modeling  tacnnology  to 
advanced  flight  vehicles  was  about  1937*  This  effort  was  directed  toward  deter- 
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milling  the  use  of  model  jets  for  turbojet  noise  prediction  for  the  B-58  airplane, 
(Ref.  33). 

Lighthill's  studies  show  that  the  acoustic  power  generated  by  air  jets  is 
proportional  to  approximately  the  eighth  power  of  the  jet  velocity.  The  jet 
velocity  is  then  considered  as  the  modeling  parameter  which  must  remain  fixed. 

Starting  in  i960,  modeling  of  propulsion  systems  was  investigated  quite 
thoroughly  by  Morgan  in  WaDD  TR  61-178  (Ref.  30)  by  Gray  in  ARR  TR  61-547 
(Ref.  31). 

These  studies  have  shown  that  the  sound  pressurs  level  at  given  ratios  of 
distance  to  jet  diameter,  for  equal  jet  velocity,  will  be  the  same  for  both 
model  and  full  scale  systems.  The  frequency  spectrum  is  shifted  upward  inversely 
proportional  to  the  scale  factor.  The  spatial  characteristics  remain  unchanged 
for  the  scaled  frequency  and  the  power  spectrum  level  of  the  noise  is  reduced 
directly  in  proportion  to  the  scale  factor.  The  results  of  some  of  the  experi¬ 
mental  work  are  shown  in  Figures  17  and  18.  The  correlation  of  sound  pressure 
level  (or  power  spectral  density  between  model  ana  full  scale  jets)  is  quite 
good.  The  jet  sizes  in  these  studies  were  varied  by  a  factor  of  8. 

Modeling  of  simple  structures  was  investigated  by  Gray  (Ref.  31)  in  order 
to  determine  the  feasibility  of  using  structural  models  for  sonic  fatigue  pre¬ 
diction.  His  investigation  indicated  that  the  same  material  should  be  used  for 
the  model  as  for  full  scale.  The  investigation  showed  that  the  natural  frequency 
of  the  panel  would  shift  upward  as  does  the  spectrum  of  the  jet.  Since  the  sound 
pressure  level  is  to  be  the  same  for  the  scale  model  as  for  the  full  scale  model, 
the  stress  at  similar  locations  should  be  equal  in  the  scale  model  to  that  of  the 
full  scale  model.  Figure  19  shows  the  correlation  of  stress  of  a  scale  model  end 
a  full  size  specimen.  With  the  stress  level  being  the  same  in  both  the  model  and 
full  scale  specimen  it  was  evident  that  the  time  to  failure  in  the  scale  model 
should  be  proportional  to  the  scale  factor.  Figure  20  presents  the  study  results 
of  two  specimen  designs.  It  is  to  be  noted  that  the  trend  was  as  expected  even 
though  the  failure  time  was  slightly  different  than  being  directly  proportional 
to  the  scale  factor. 

An  investigation  of  a  method  for  preuicting  the  vibratory  response  of 
flight  vehicle  structures  has  also  lea  to  the  use  of  models,  (Ref.  32)*  In  this 
investigation  a  portion  of  a  one  quarter  scale  iNARK  (bM-62)  missile  was  built 
to  study  the  modeling  approach.  Of  course,  the  previous  studies  on  modeling 
jets  and  structure  were  used  in  designing  the  quarter  scale  vehicle.  Rimilar 
points  on  the  model  were  excited  by  a  loud  speaker  and  the  transfer  functions 
measured.  A  typical  result  is  shown  in  figure  21. 

The  above  studies  of  flutter,  aeroelasticity,  sonic  fatigue,  jet  noise  and 
vibration  response  using  models  have  given  a  clear  indication  that  modeling  may 
be  a  feasible,  as  weli  as  an  economical,  approach  to  the  solution  of  dynamic  prob¬ 
lems  in  future  aerospace  vehicles. 

t  uTUHL 

The  demands  of  high  reliability,  greater  payloads,  higher  speeds  and  alti¬ 
tudes,  and  greater  range  on  future  aerospace  vehicles  will  require  a  nighly  efficient 
vehicle  design,  hfficient  vehicle  designs  can  only  be  achieved  by  knowing  and 
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properly  applying  by  analysis  and  experiment  the  environmental  forces  which  the 
vehicle  will  encounter  in  its  lifetime.  Conservatism  in  the  way  of  safety  fac¬ 
tors,  component  over-design,  etc.,  must  be  minimized  in  order  to  obtain  the 
most  efficient  vehicle  design  for  the  defined  mission. 

At  present  most  aerospace  vehicle  designs  do  not  consider  the  combined 
effects  of  all  environmental  forces*  because  a  lot  of  these  forces  cannot  be 
handled  analytically.  Therefore,  additional  "weight"  is  added  to  assure  the 
desired  reliability. 

The  technical  area  of  dynamics  will  likely  be  an  increasingly  important  con¬ 
sideration  in  the  design  of  future  aerospace  vehicles.  One  such  vehicle  under 
study  is  the  Aerospace  Plane,  an  advanced  concept  for  manned,  winged,  earth-to- 
space  vehicle  with  an  air  breathing  propulsion  system.  These  future  vehicles 
must  have  an  extremely  lightweight,  efficient  structural  design  to  be  feasible. 

Yet  these  designs  must  have  sufficient  strength  and  stiffness  to  prevent  dynamic 
instabilities  of  lifting  surfaces  and  skin  panels,  and  also  maintain  a  reasonable 
fatigue  life  end  internal  acoustic  environment.  This  will  be  a  difficult  under¬ 
taking  in  view  of  the  extremely  wide  speed  range,  intense  thermal  and  acoustic 
environment,  high  angles  of  attack  and  unusual  configuration  being  proposed,  de¬ 
duced  scale  modeling  will  be  a  requirement  for  the  very  large  vehicles  under  con¬ 
sideration  for  extended  aerospace  missions,  borne  future  problems  which  will  like¬ 
ly  require  extensive  effort,  including  advances  in  dynamic  modeling  technology, 
to  resolve  and  verify  vehicle  safety  and  reliability  are  listed  as  follows: 

1.  high  temperature  effects.  The  extreme  thermal  environment  of  reentry 
for  orbital  and  superorbital  vehicles  will  require  improved  approaches  in  model¬ 
ing  technology,  especially  in  the  area  of  aerothermoelastic  models. 

2.  Exhaust  noise  from  rockets,  multiple  nozzle  turbojets,  ducted  fans,  etc. 
Prediction  techniques  for  these  propulsion  systems  are  accurate  for  only  the 
simpler  configurations,  high  acoustic  power  is  generated  by  large  rockets; and 
the  volume  of  air,  both  in  silos  and  in  the  open, containing  these  rockets  will 
have  high  noise  levels  during  launch  and  early  flight.  Jets  impinging  on  the 
ground  will  provide  hign  noise  levels  on  the  unoer  surface  of  venicles.  a  model¬ 
ing  approach  would  seem  to  be  an  excellent  way  to  study  and  optimize  the  vehicle 
configuration  from  acoustic  effects.  Mucn  more  effort  is  required  to  obtain  ade¬ 
quate  prediction  techniques  for  propulsion  systems. 

3.  High  angles  of  attack.  The  reentry  of  advanced  vehicles  at  high  angles 
can  aggravate  flutter  ana  buffeting  problems.  Advances  in  modeling  technology  to 
investigate  flutter  of  elastic  models  in  the  wind  tunnel  at  hign  angles  ana  ex¬ 
treme  temperatures  are  neeaed. 

4.  Fuel  slosh  in  large  fuel  tanks  and  coupling  with  elastic  venicle  modes. 
This  effect  can  cause  dynamic  load  and  instability  problems  in  advanced  aerospace 
vehicles;  methods  to  simulate  these  fuel  slosh  effects  with  reduced  scaled  models 
will  be  important. 

3.  Noise  from  separated  boundary  layer,  shock  waves,  base  pressures  and 
wakes.  The  pressure  fields  sssociatea  with  tlese  phenomena  is  suificient  to 
cause  structural  fatigue  failures.  There  is  almost  a  complete  lack  of  prediction 
techniques  for  these  phenomena.  Both  full  scale  and  model  experiments  are  required 
to  determine  the  modeling  technology. 


6.  Dynamic  stability  and  control  of  missiles,  including  effects  of  struc¬ 
tural  flexibilities.  Wind  tunnel  modeling  techniques,  including  simulated  servo 
systems  are  needed  to  assure  freedom  from  such  aeroelastic  problems. 

7.  Stability  augments tors  and  gust  alleviators  on  Supersonic  Transport 
ana  other  advanced  vehicles  are  intended  to  provide  improved  structural  response 
and  damping  characteristics.  To  investigate  the  characteristics  of  these  systems 
and  to  assume  safety  from  flutter  by  coupling  of  the  control  inputs  with  the 
elastic  modes,  improved  modeling  technology  to  simulate  these  characteristics 
are  needed.  While  it  is  considered  highly  undesirable  by  flutter  engineers  to 
depend  on  a  "black  box"  to  prevent  catastrophic  flutter,  it  may  oe  possible  in 
some  cases  in  the  future  to  use  very  reliable  servo  systems  to  proviae  inputs  to 
the  control  surfaces  in  such  a  manner  as  to  avoid  wing  flutter  in  critical  speed 
ranges  with  less  weight  penalty  than  would  be  possible  with  the  addition  of  struc¬ 
ture. 

8.  Developing  techniques  for  testing  complete  vehicle  moaels  in  super¬ 
sonic  'nd  hypersonic  tunnels.  With  the  very  flexible  fuselage  configurations 

of  advanced  vehicles,  it  becomes  increasingly  important  to  test  complete  vehicle 
moaels  rather  than  wall-mounted  component  models.  Improved  technology  will  be 
needed  for  wind  tunnel  models  of  the  large,  flexible  complete  models  of  advancea 
aerospace  vehicles  which  will  not  have  significant  mounting  effects  and  simulate 
free  flight  conditions. 

9.  ohell-like  lifting  bouies.  ouch  configurations  ere  under  consideration 
for  superorbital  reentry  missions.  Dynamic  problems  in  these  vehicles  will  re- 
quire  raouel  stuaies.  Vibration  and  flutter  modeling  technology  for  shells  will 
require  accurate  simulation  of  a  large  number  of  structural  vibration  modes,  in- 
cluaing  not  only  benaing  and  torsion,  but  breathing  modes  as  well. 

10.  Dane!  flutter.  A  considerable  amount  of  panel  flutter  research  by 
DhoA  and  the  air  lorce  is  improving  panel  flutter  testing  technology,  but  im¬ 
provements  will  be  required  in  obtaining  valia  data  on  moaels  because  of  diffi¬ 
culties  in  accurate  simulation  of  the  many  important  parameters  and  nonlinearities, 
oome  of  these  important  parameters  are  panel  edge  conditions,  pressure  differen¬ 
tial  from  insiae  to  outsiae  the  panel,  in-plane  stresses,  buckling,  curvature, 
temperature,  angle  of  attack,  and  size  of  the  cavity  behina  the  panel. 

11.  Inflatables,  expandables,  hogollo  wing  dynamics.  This  is  a  fairly  new 
field  ana  will  likely  be  of  growing  importance  as  auvanced  vehicles  of  tnis  type 
are  developed.  Methods  to  provide  valid  dynamic  model  results  must  be  developed. 

12.  Ground  vibration  tests  of  small  scale  replica  of  prototype  too  large 
or  not  capable  of  ground  vibration  tests.  The  large  size  and  delicate  nature  of 
some  auvanceu  vehicles  may  prevent  the  conventional  t round  vibration  test,  he- 
plica  models  may  be  used  to  represent  the  prototype  to  obtain  these  vibration 
uatu.  Improvements  in  obtaining-  nighly  accurate  modeling  methods,  including  the 
effects  of  joints  between  vehicle  stag-es  and  other  complex  moueling  problems  will 
be  required  if  valid  results  are  to  be  obtained. 

l.w  hypersonic  control  surface  “buzz*  instabilities  may  be  a  prob’em  and  re¬ 
quire  mouels.  This  phenomena  apparently  involves  the  interaction  of  shock  waves 
anu  oounoary  layer  to  give  an  oscillatory  instability  of  controls  similar  to  the 
buzz  problem  experienced  by  many  a i roruft  in  the  transonic  speea  range,  *  few 
ouses  have  been  recently  notea  on  models  at  hypersonic  speeds,  further  investiga¬ 
tion  to  evaluate  the  significance  of  this  phenomena  to  advanced  vehicles  are  needed. 


14.  Aerodynamic  interference  effects  of  vehicles  components.  This  could 
include  such  problems  as  the  effect  of  highly  swept  wings  on  horizontal  tail 
flutter  or  buffet  in  variable  sweep  wing  configurations.  Methods  to  theoreti¬ 
cally  analyze  this  highly  complex  unsteady  aerodynamic  phenomena  are  not  reli¬ 
able  and  model  technology  will  play  an  important  nart  in  investigating  this 
problem. 

15.  Dynamic  models  are  needed  tc  determine  unsteady  aerodynamic  loads  for 
oscillating  surfaces  at  high  speeus  and  for  new,  blunt,  highly  swept  configura¬ 
tions  for  which  theoretical  prediction  methods  are  unproven  or  not  available. 

16.  Dynamic  load  problems  of  advanced  vehicles  include  alightment  with 
crushable,  collapsible  or  energy  absorbing  devices;  space  rendezvous  impacts; 
and  dynamic  loads  on  spinning  space  station  modules  connected  by  long  elastic 
cables.  Advances  in  modeling  technology  will  be  required  to  provide  the  experi¬ 
mental  data  needed  for  these  phenomena  on  the  new  design  concepts  of  spacecraft 
and  in  view  of  the  new  space  environments  such  as  artificial  gravity  which  will 
be  experienced  by  these  vehicles. 

17.  Vibration  and  fatigue  characteristics  of  structures.  Sonic  fatigue 
facilities  which  can  provide  the  required  acoustic  field,  apply  static  loads, 
high  temperatures,  etc.,  will  be  required,  advances  in  modeling  technology  will 
be  required  in  order  to  use  many  facilities  due  to  size  limitation. 

18.  Improved  instrumentation  and  facilities  for  conducting  tests  on  dyna¬ 
mic  models  will  be  necessary  if  adequate  measurements  and  simulations  of  the  high 
speed  intense  thermal  and  acceleration  environments  are  to  keep  pace  with  advanced 
vehicle  performance  and  missions. 

19.  Control  of  internal  and  external  noise  environment  of  advanced  vehicles. 
The  use  of  models  will  most  surely  be  of  benefit  in  providing  optimum  configura¬ 
tions  to  minimize  noise  environments. 

CONCLUSION 

In  conclusion,  dynamic  problems  will  likely  continue  to  be  prominent  in  the 
design  of  advanced  aerospace  vehicles.  In  view  of  the  increasingly  complex 
nature  of  these  problems,  advanced  dynamic  modeling  techniques  will  be  extremely 
important  in  resolving  these  problems  for  future  aerospace  vehicles. 
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Figure  1.  Leonardo  da  Vinci’s  Study  of  tho  Flight  of  Birds 
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Figure  2.  Model  Auditorium  -  Study  of  Reflecting  Characteristics  by  Spark  and  Ripple 
Techniques 
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Figure  5.  XP-54  Flutter  Model 
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ANALYSIS  OF  SIMILITUDE  REQUIREMENTS  AND  SCALING  LAWS  FOR 


TRANSONIC  BUFFETING 
By  H.  C.  Peterson  and  A.  A.  Ezra 
The  Martin  Company 
Denver,  Colorado 


ABSTRACT 


When  a  launch  vehicle  accelerates  through  Mach  1,  a  shock  wave  forms, 
remains  attached  to  the  nose  for  a  brief  time  and  then  separates  as  the  Mach 
number  increases.  During  the  period  of  shock  wave  attachment,  intense  local 
unsteady  aerodynamic  pressures  of  an  oscillatory  nature  are  generated. 

These  unsteady  pressures  which  give  rise  to  the  violent  shaking  referred 
to  as  transonic  buffeting  contain  a  wide  spectrum  of  frequencies.  Thus  the 
transonic  buffeting  forces  must  be  specified,  for  analytical  purposes,  as  a 
non-dimensional  plot  of  power  spectral  density  versus  frequency.  Due  to  the 
limitations  of  the  present  theoretical  knowledge,  these  power  spectral  density 
curves  must  be  derived  from  wind-tunnel  tests. 

In  order  to  conduct  valid  scale  model  tests,  to  determine  the  transonic 
buffeting  excitation,  a  careful  analysis  of  similitude  requirements  is 
necessary;  and  it  is  mandatory  to  determine  the  importance  of  those  similitude 
requirements  that  cannot  be  provided  due  to  the  limitations  of  existing  wind 
tunnels. 

This  paper  derives  the  similitude  requirements  and  the  corresponding 
scaling  laws  for  small  scale  experimental  work  and  describes  the  different 
experimental  approaches  that  can  be  used  to  circumvent  the  practical  diffi¬ 
culties  of  fulfilling  all  the  similitude  requirements. 
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I.  INTRODUCTION 


The  violent  shaking  which  occurs  when  the  velocity  of  a  flight  vehicle 
approaches  Mach  1  was  observed  with  alarm  by  the  pilots  of  fighter  aircraft 
during  World  War  II.  This  buffeting  often  resulted  from  shock-induced  flow 
separation  on  the  wings  of  the  aircraft.  The  turbulent  wake  created  by  the 
flow  separation  produced  random  fluctuating  airloads  which  could  cause  buf¬ 
feting  of  the  wing  itself  or  buffeting  of  the  tail  section.  As  flight  at 
high  subsonic  Mach  numbers  became  a  commonplace  event,  the  problem  of  tran¬ 
sonic  buffeting  increased  in  importance.  The  problem  was  sometimes  "solved" 
by  limiting  Mach  number  and  incidence  to  values  below  a  buffet  boundary  which 
existed  for  each  configuration.  This  buffet  boundary  could  be  modified  by 
boundary  layer  control  to  reduce  the  tendency  for  shock-induced  separation. 

When  supersonic  flight  became  a  necessity,  the  buffet  problem  was  "solved" 
by  rapidly  accelerating  through  Mach  1  in  order  to  avoid  the  violent  dynamic 
excitation  produced  by  sustained  transonic  flight. 

As  could  be  expected,  transonic  buffeting  has  continued  to  be  an  important 
problem  in  the  era  of  launch  vehicles,  ICBM's,  manned  space  probes,  and  manned 
orbiting  military  systems  during  the  exit  and  re-entry  phases  of  flight.  In  a 
sense  the  problem  has  become  more  severe  because,  while  the  supersonic  aircraft 
evolved  toward  compact  configurations  with  low-aspect-ratio  wings,  the  rocket- 
powered  launch  system  has  evolved  toward  a  long,  slender,  shell-structure  which 
may  have  a  bulbous  payload*,  or  a  configuration  with  control  surfaces  for  use 
in  launch  or  re-entry.  Since  on  this  type  of  configuration  random  fluctuating 
airloads  may  result  from  flow  separation  and  unsteady  shock  waves  near  the 
nose,  the  overall  bending  response  of  the  vehicle  may  result  in  severe  dynamic 
stresses.  Since  on  typical  trajectories,  Mach  1  occurs  at  a  relatively  low 
altitude  (say  25,000  feet)  these  dynamic  stresses  are  added  to  the  substantial 
stresses  resulting  from  steady-state  airloads.  In  addition  to  the  overall 
bending  response  loads,  there  is  also  the  problem  of  response  of  panels,  sections 
of  stiffened  shells,  and  equipment  installations  to  local  high-intensity  aero¬ 
dynamic  noise. 


II.  IDEALIZATION  OF  BUFFET  RESPONSE  PROBLEM 

Solution  of  the  actual  in-flight  loads  problem  associated  with  transonic 
buffeting  would  involve  computation  of  the  response  of  a  dynamic  model  of  the 
structure  to  an  unsteady  pressure  field  which  has  a  complicated  spatial  dis¬ 
tribution  ^nd  which  has  nonstationary  random  fluctuations  with  time.  This 
solution  would  require  time  histories  of  the  unsteady  pressures.  The  local 


It  should  be  noted  that,  however  desirable  a  bulbous  payload  may  be  from 
the  standpoint  of  the  space  vehicle  (or  space  experiment)  designer,  it  is  in¬ 
compatible  with  good  aerodynamic  design  and  places  a  very  severe  added  burden 
on  the  structural  designer. 
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unsteady  flow  which  produces  transonic  buffeting  is  characterized  by  flow 
separation  and  oscillating  shock  waves  that  may  be  attached  to  the  vehicle. 

The  time-dependence  of  the  unsteady  pressures  is  extremely  complicated;  and 
the  spectrum  of  the  unsteady  pressures  contains  a  wide  range  of  frequencies. 

The  spatial  distribution  of  the  unsteady  pressure  field  is  highly  dependent 
on  the  configuration  (particularly  nose  shape)  and  for  a  given  configuration 
is  markedly  affected  by  changes  in  Mach  number  and  angle  of  attack.  Time 
histories  of  the  pressures  acting  on  the  vehicle  could  only  be  obtained  by 
exact  simulation  of  the  flight  parameters  -  that  is,  the  time  dependence  of 
Mach  number,  angle  of  attack,  dynamic  pressure,  and  Reynolds  number  -  in  either 
a  wind  tunnel  or  free-flight  test  of  a  geometric  model  (perhaps  full-scale)  of 
the  configuration. 

The  lack  of  facilities  to  provide  such  simulation,  and  to  a  lesser  extent 
the  lack  of  adequate  analytical  techniques  to  solve  the  non-stationary  struc¬ 
tural  response  problem,  has  led  to  the  adoption  of  an  idealization  of  the  actual 
problem.  In  lieu  of  data  on  the  nonstationary  excitation,  data  on  the  excita¬ 
tion  at  constant  wind  tunnel  test  conditions  is  used.  Instead  of  computing 
the  response  of  the  structure  to  nonstationary  excitation,  the  response  is 
calculated  by  assuming  that  the  excitation  is  a  stationary,  ergodic,  Gaussian 
process.  If  the  excitation  is  a  random  stationary  ergodic  Gaussian  process, 
then  the  Gaussian  statistics  of  the  excitation  are  specified  by  the  mean  value 
and  the  cross  power  spectral  density*  vCPSD)  of  the  fluctuations  about  the  mean. 
If  the  dynamic  behavior  of  the  structure  is  adequately  described  by  linear  dif¬ 
ferential  equations,  the  Gaussian  statistics  of  the  response  are  determined  by 
the  mean  response  and  the  CPSD  of  the  fluctuations  of  the  response  about  the 
mean. 
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Even  in  this  idealization  of  the  buffet  problem  to  a  stationary  excitation- 
response  calculation,  the  complications  in  the  excitation  producing  transonic 
buffeting  make  the  simple  determination  of  a  coefficient  of  pressure  inadequate. 
The  stationary  transonic  buffeting  excitation  is  most  conveniently  specified 
by  the  mean  value  of  the  pressures  and  the  resulting  forces  and  the  cross  power 
spectral  density*  (CPSD)  of  the  fluctuations  about  the  mean  with  the  implied 
assumption  that  the  excitation  is  a  stationary  ergodic  Gaussian  process.  At 
the  present  time  it  is  not  possible  to  predict  by  analytical  means  alone  the 
mean  value  and  CPSD.  They  have  to  be  derived  from  scale  model  tests  in  a  wind 
tunnel. 
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Experimental  methods  are  beset  by  their  own  difficulties.  One  of  these  is 
the  inability  of  existing  wind  tunnels  to  provide  complete  similitude  for  the 
independent  variables.  Some  of  the  discrepancies  between  the  experimental 
results  of  different  investigators  may  be  ascribed  to  this  cause.  To  over¬ 
come  this  difficulty,  systematic  investigations  hove  to  be  conducted  to  deter¬ 
mine  the  eifect  of  lack  of  similitude  for  each  one  of  the  important  independent 
variables. 
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In  what  follows  cross  power  spectral  density  will  sometimes  be 
abbreviated  as  CPSD;  and  power  spectral  density  will  sometimes  be 
abbreviated  as  PSD. 
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III.  SCALING  LAWS  AND  SIMILITUDE  REQUIREMENTS  FOR  VALID  SCALE  MODEL  WORK 


The  use  of  small  scale  models  can  be  a  very  powerful  research  tool  for 
exploring  unknown  or  poorly  understood  physical  phenomena.  To  use  it  effect¬ 
ively,  the  investigator  must  be  prepared  to  derive  valid  scaling  laws  for  the 
dependent  variables  without  being  able  to  meet  similitude  requirements  for  all 
of  the  independent  variables  and  possibly  without  even  being  sure  they  have  all 
been  identified.  This  is  a  situation  that  is  encountered  more  often  in  practice 
than  is  discussed  in  theory,  but  is  really  not  quite  as  hopeless  as  it  sounds. 

It  is  the  lack  of  knowledge  of  the  governing  physical  laws  that  makes  scale 
model  work  necessary  for  prediction  purposes. 

A.  General  Principles 

The  validity  of  scale  model  work  is  based  on  two  main  principles.  One  is 
that  a  physical  phenomenon  is  independent  of  the  units  of  measurement.  The 
second  is  that  the  physical  laws  governing  the  phenomenon  are  the  same  for 
both  model  and  full  scale.  From  these  basic  principles  it  is  possible  to 
derive  the  similitude  requirements  for  the  independent  variables  and  the 
scaling  laws  for  the  dependent  variables. 

A  certain  amount  of  knowledge  of  the  physical  phenomena  is  necessary, 
however.  First  of  all,  the  investigator  must  be  able  to  distinguish  clearly 
between  the  dependent  and  independent  variables.  Independent  variables  are, 
by  definition,  those  that  can  be  varied  in  magnitude  independently  of  each 
other  by  the  experimenter  without  affecMng  each  other.  For  example,  the 
load  on  the  beam,  the  span  of  the  beam,  the  modulus  of  elasticity  and  area 
moment  of  inertia  of  a  beam  are  independent  variables.  The  deflection  and 
bending  moment  are  dependent  variables,  since  the  magnitude  of  each  is  fixed 
by  a  prescribed  set  of  values  for  the  independent  variables.  While  the  bending 
moment  may  be  derived  theoretically  from  the  deflection,  this  does  not  permit 
the  deflection  to  be  classed  as  an  independent  variable  along  with  load  and 
span.  This  is  because  the  value  of  any  one  of  the  other,  truly  independent 
variables  (1'ke  load  and  span)  cannot  be  changed  arbitrarily  without  altering 
the  values  of  deflection.  It  must  also  be  possible  for  the  investigator  to 
make  at  least  an  intelligent  guess  as  to  the  identity  of  most  of  the  important 
independent  variables.  In  case  of  doubt  as  to  the  importar~e  of  an  independent 
variable,  it  should  be  included  rather  than  left  out.  If  it  is  really  unim¬ 
portant,  or  does  not  belong,  scale  model  work  will  reveal  this  without  any 
harm  being  done.  If  it  is  omitted  ond  is  really  important,  this  too  will  even¬ 
tually  be  discovered  with  enough  experimental  work,  but  not  without  a  good  deal 
of  extra  effort. 

Starting  with  a  clear  knowledge  of  the  difference  between  the  dependent 
and  independent  variables  and  an  identification  of  the  independent  variables, 
the  scaling  laws  and  similitude  requirements  may  be  determined. 
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then  it  must  follow  from  Equation  (3)  that 


it  =  it 

lm  lp 


(5) 


The  value  of  y  contained  in  it,  can  be  measured  from  the  model  test. 

lm 

The  value  of  it,  (which  is  equal  to  rc,  )  can  then  be  calculated  from  the  re- 
lm  lp 

suit  of  the  experiment.-  From  this  value  of  it^,  the  desired  value  of  y^ 
that  it  contains  can  now  be  calculated. 


Therefore,  it  can  be  seen  that  knowing  x^  ,  x^  , 


np' 


the  value 


of  y  can  be  found  by  testing  a  model,  even  though  the  nature  of  the  function 

G  is  unknown,  provideu  the  model  is  built  to  satisfy  the  relationships  of 
Equation  (4).  These  relationships  determine  the  required  scale  factors  to  be 
used. 


C.  Scale  Factors  and  Similitude  Requirements 


It  must  be  stressed  that  Equation  (5)  will  in  general  yield  the  scaling 
law  for  the  dependent  variable  if  and  only  if  the  similitude  requirements 


(  It.  =  K 
km 


kp’ 


2,  3, 


N-3,  Equations  -4)  are  satisfied. 


A  number  of  these  requirements  are  satisfied  by  the  choice  of  the  arbi¬ 
trary  scale  factors.  The  number  of  scale  factors  that  may  be  chosen  arbi¬ 
trarily  is  equal  to  the  number  of  basic  dimensions  in  the  problem.  For  ex¬ 
ample,  if  all  the  variables  in  the  physical  law  are  expressible  in  terms  of 
four  basic  dimensions,  i.e.,  mass,  length,  time  and  temperature,  four  scale 
factors  may  be  chosen  arbitrarily,  corresponding  directly  or  indirectly  to 
each  of  them,  to  suit  test  requirements.  The  remaining  scale  factors  will 
then  be  expressed  in  terms  of  one  or  more  of  these  four. 


As  stated  above,  the  present  wind  tunnel  facilities  cannot  provide  test 
conditions  which  satisfy  all  of  the  scaling  laws.  This  means  that  the  wind 
tunnel  tests  to  determine  the  transonic  buffeting  excitation  are  tests  of  dis¬ 
torted  scale  models.  Tests  of  this  type  are  discussed  in  detail  in  the  next 
section. 


D.  Derivation  of  Scaling  Laws  When  Complete  Similitude  is  Lacking 
(Distorted  Scale  Models) 

1.  General  Principles 

In  practice  it  is  not  possible  to  satisfy  all  the  similitude  re¬ 
quirements  for  transonic  buffeting  wind  tunnel  tests.  Systematic  methods  have 
been  developed  for  dealing  with  this  problem.  These  methods  will  be  discussed 
in  some  detail. 
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The  basic  principle  underlying  the  successful  use  of  scale  models  when 
similitude  is  lacking  is  this.  For  every  similitude  requirement  that  cannot 
be  satisfied  in  a  model  test,  there  must  be  provided  a  relationship,  theoreti¬ 
cal  or  empirical,  between  the  dependent  variable  and  that  independent  variable 
for  which  similitude  could  not  be  provided.  This  relationship  can  then  be  used 
in  a  manner  analogous  to  a  correction  factor  for  the  scaling  law.  Put  more 
precisely,  for  every  similitude  requirement  that  cannot  be  met  for  an  independ¬ 
ent  variable,  an  adequate  knowledge  must  be  available  of  the  partial  derivatives 
of  the  dependent  variable  with  respect  to  that  independent  variable,  for  the 
range  of  values  of  interest  to  the  investigator.  For  example,  if  it  were  im¬ 


possible  to  make  it 


it,  and  if  the  value  of  it,  that  can  be  provided  in 
kp  km 


the  model  test  is  not  too  far  removed  from  the  required  value  of  it  ,  then  a 


knowledge  of 


- -  in  the  neighborhood  of  it,  will  suffice  for  a  linear 

S  it  D  km 


correction  to  the  scaling  law.  If  the  value  of  it  that  can  be  provided  is 


appreciably  different  from  the  required  value  of  it  ,  then  - — 1 

kp 


must  be  a 


sufficiently  well  defined  function  of  it  to  permit  an  accurate  correction  to 

K 

be  made  to  the  value  of  IT  .  This  may  be  explained  as  fellows.  The  required 
value  of  at  the  proper  value  of  ir  may  be  obtained  from  the  observed  value 
of  at  the  model  value  of  it^  by  means  of  a  Taylor  series  if  the  partial 

derivatives  are  known  up  to  a  sufficiently  high  order  at  the  model  value  of 

'ir,  =  ir,  .  This  is  shown  below, 
k  km 
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^  ^k2  '  tt,  =  7T, 
k  km 


(  tt  -  ir  r  + 

kp  km 


The  case  for  the  lack  of  similitude  of  two  or  more  important  independent 
variables  will  be  discussed  later. 

2.  Lack  of  One  Similitude  Requirement 


Consider  the  case  where  only  a  single  similitude  requirement  "K 


cannot  be  satisfied  for  practical  reasons,  i.e. 


According  to 


. . . . f .  *  . .  km  r  'kp . ° 

general  principles,  this  difficulty  can  be  overcome  by  providing  a  relation¬ 
ship,  either  theoretical  or  experimental,  between  the  dependent  variable  and 
the  independent  variable  for  which  similitude  cannot  be  provided. 


The  simplest  situation  occurs  when  the  effect  of  the  unsealed  independ¬ 
ent  variable  is  small,  ie.,  X^  is  weakly  dependent  on  X  .  In  this  case,  the 

scaling  law  for  the  dependent  variable,  i.e.,  IT  =  X^,  will  be  approximately 

true,  and  the  observed  value  of  the  dependent  variable  may  be  scaled  up  to  full 
size  accordingly.  If  it  is  not  possible  to  demonstrate  theoretically  that  x* 

K 

is  an  unimportant  variable,  then  this  must  be  done  experimentally,  over  as  wide 
a  range  of  values  of  X  as  possible,  keeping  all  other  values  of  the  inde¬ 
pendent  variables  constant.  To  do  this,  it  may  even  be  necessary  to  use  a 
number  of  scale  models  of  different  sizes,  if  there  is  no  other  way  to  vary 

the  value  of  x  . 

km 

When  the  unsealed  independent  variable  is  important,  and  no  theoretical 
relationship  exists  to  show  its  effect  on  the  dependent  variable,  then  a  simi¬ 
lar  experimental  program  must  be  conducted  to  determine  X,  as  a  function  of 

1m 

X^.  Ideally,  the  range  of  experimental  values  of  should  straddle  the 

desired  value  of  T  ,  or  should  be  brought  as  near  X^  as  possible.  If  this 

too  is  impossible,  then  the  functional  relationship  between  X  and  it  ^ 

should  be  defined  by  a  sufficiently  large  number  of  values  of  X^m  to  permit 

a  valid  extrapolation  to  the  desired  value  of  X  =  X.  on  the  basis  of 

km  kp 

Equation  (6). 

3.  Lack  of  More  Than  One  Similitude  Requirement 

Let  the  general  form  of  the  unknown  physical  law  be  represented 
in  dimensionless  form  by  the  following: 


IT  =  F(X  X  .  .  .  ,  X  ,  .  .  .  ,  x  ). 

x.  c.  y  i\  r 


If  the  corresponding  values  of  X  ,  .  .  .  ,  could  be  kept  the  same  for 

model  and  full  scale  at  a  set  of  constant  values  then  an  experimental  plot  of 
X ^  vs.  would  be  identical  for  all  sizes  of  scale  model.  For  example,  a 

range  of  model  sizes,  one  twentieth,  one  tenth,  one  fifth,  etc.,  would  yield 
identical  plots  of  X^  Vs.  vr  This  would  not  be  true  if  the  similitude  re¬ 

quirements  for  X  ,  .  .  ,  ,  X  were  not  met,  i.e.,  if  the  corresponding  values 
K  X* 

of  X  ...  x  are  different  for  different  size  scale  models.  If  the  re- 
k  r 

suiting  plots  of  X^  vs.  %  from  different  sizes  of  models  are  not  very  dif¬ 
ferent  from  each  other,  in  spite  of  lack  of  similitude  for  X^,  .  .  • » X"r  this 


would  indicate  that  the  combined  effect  of  all  the  unsatisfied  similitude  re¬ 
quirements  represented  by  X^,  .  .  .  ,  TCr  is  not  significant  and  X  ^ 

will  give  an  approximately  true  scaling  law.  This  is  the  first  possibility 
that  should  be  checked  when  a  large  number  of  similitude  requirements  cannot 
be  met. 


At  the  other  extreme,  let  us  suppose  that  the  similitude  requirements 
.  .  .  ,  -it  are  all  important  and  none  of  them  can  be  satisfied.  A 

straightforward,  though  cumbersome  approach,  would  be  to  keep  all  but  one  of 
the  dimensionless  independent  variables  constant  at  a  time,  and  find  experi¬ 
mentally  how  depends  on  it.  Then  in  a  manner  similar  to  that  based  on 

the  use  of  Equation  (6),  the  scaling  law  may  be  corrected  for  lack  of  simili¬ 
tude  of  one  variable  at  a  time. 

There  is  a  much  more  economical  solution,  which  is  particularly  useful 
when  all  but  one  of  the  dimensionless  independent  variables  cannot  be  held 
constant  to  determine  its  effect  on  X  .  To  do  this  successfully,  the  experi¬ 
ments  must  be  designed  in  such  a  manner  that  even  though  it  ,  .  .  .  ,  7T  are 

allowed  to  vary  simultaneously,  each  of  these  Tf  terms  varies  over  as  wide  a 
range  of  values  as  possible.  For  these  experiments,  IT  ,  .  .  .  ,  ^  ^  are 

kept  constant  at  desired  values  corresponding  to  those  of  the  prototype.  A 
surface  of  best  fit,  analogous  to  a  curve  of  best  fit  for  two  variables  can 
then  be  computed  to  represent  mathematically  as  a  function  of  the  variables 

it^,  .  .  .  ,  it  from  the  experimental  results. 

The  importance  of  a  careful  design  of  the  experiments  can  now  be  seen 
since  a  wide  spread  of  values  for  each  of  .  .  .  ,  will  insure  an 

accurate  formulation  of  the  surface  of  best  fit.  This  mathematical  expression 

for  =  f(  nr  ,  .  .  .  ,  ir  )  can  then  be  used  to  provide  the  necessary  cor- 
k  r 

rection  for  lack  of  similitude  in  the  variables  ,  .  .  .  ,  T  for  the  scaling 
.  k  r 

law. 

Thus,  it  is  possible  to  conduct  valid  scale  model  tests  even  when  simili¬ 
tude  cannot  be  provided  for  one  or  more  independent  variables  and  the  physical 
law  governing  the  phenomenon  is  unknown.  The  most  difficult  situation  occurs 
when  similitude  cannot  be  provided  for  a  number  of  important  independent  varia¬ 
bles.  In  this  case,  proper  design  of  an  experimental  program  combined  with  the 
technique  of  deriving  a  surface  of  best  fit  in  n-space  may  be  used  to  overcome 
this  difficulty.  These  techniques  may  be  applied  to  practical  problems  of  in¬ 
terest  which  have  hitherto  been  considered  "unscalable".  Such  efforts  would  be 
very  rewarding,  not  only  in  advancing  the  ability  to  work  with  distorted  scale 
models,  but  as  a  powerful  research  tool  for  exploring  the  unknown. 
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IV.  SIMILITUDE  REQUIREMENTS  FOR  WIND  TUNNEL  TESTS  OF  SCALE 
MODELS  TO  MEASURE  TRANSONIC  BUFFETING  EXCITATION 


A.  Choice  of  Dependent  and  Independent  Variables 

In  the  similitude  analysis  of  any  physical  problem,  it  is  necessary  to 
decide  in  advance  the  dependent  variables  that  need  to  be  measured  and  to 
distinguish  clearly  between  the  dependent  and  the  independent  variables  in 
the  problem.  Consideration  of  the  problem  of  determining  the  aerodynamic 
loads  due  to  transonic  buffeting  leads  to  the  following  conclusions.  The 
dependent  variables  to  be  measured  are  1)  the  dynamic  response  of  the  model, 
2)  the  local  differential  pressures,  3)  sums  of  these  differential  pressures, 
(these  sums  are  to  be  considered  as  approximations  to  the  random  lateral 
load  at  a  station  on  the  model) ,  and  4)  the  frequency  of  oscillations  of 
the  unsteady  pressure  field.  From  recorded  time  histories  of  these  local 
differential  pressures  and  their  sums,  the  local  lateral  loads,  the  cross¬ 
power-spectral-densities  can  be  computed  for  use  in  the  calculations  of  the 
response  of  the  prototype*.  The  dependent  variables  to  be  measured  by  the 
wind  tunnel  tests  are  outlined  in  Table  1. 

In  writing  down  the  dependent  variables  in  Table  1,  it  has  been  assumed 
that  the  loads  w(  f  ,  t)  are  not  dependent  on  the  motion  of  the  model  in  the 
wind  tunnel  (or  the  prototype  structure  in  flight). 


Table  1 

Dependent  Variables  to  be  Measured 

Dimensions 

pC^,  t)  =  pt(t) 

=  Local  differential  pressure  at 
location  of  itii  transducer 

-1  -2 

M  L  T 

wCt^  t)  =  w^t) 

=  Random  lateral  load  per  unit 
length  at  station  f  = 

-2 

M  T 

t)  H  yi(t) 

=  Random  lateral  response  at 

station  f  =  £. 

l 

L 

w 

=  Frequency  of  oscillation  of 
unsteady  pressures 

T"1 

Note  that  the  random  excitation  can  be  completely  described  by  the 
cross-power-spectral-density  obtained  from  single  time  histories  of  the 
pressures  only  if  the  unsteady  pressure  field  is  a  random  stationary 
ergodic  Gaussian  process.  We  are  in  essence  assuming  that  this  is  true. 
Later  the  validity  of  this  assumption  must  be  checked. 


Thus,  the  similitude  analysis  and  the  scaling  laws  developed  in  this 
section  apply  only  to  buffeting  excitation  which  is  independent  of  body 
motion.  If  the  excitation  depends  on  the  body  motion,  then  the  equations 
of  motion  for  the  vehicle  take  a  form  different  from  the  case  discussed  in 
Appendix  A.  Namely,  the  normal  mode  coordinates,  q  (t),  are  solutions  of 
equations  of  the  form  n 

M  [  q  +  2  §  a)  q  +  03^q~|  =  Q  ["  y(x,  t)l  (8) 

n  L  an  n  Mn  n  tij  n  L  J 

where  y(x,  t)  =  2  q  (c)  0  (x). 

n  n  n 

The  response  analysis  is  then  concerned  with  determining  aerodynamic  in¬ 
stabilities  and  stable  limit  cycle  oscillations.  Wind  tunnel  tests  to  in¬ 
vestigate  the  buffet  phenomenon  of  this  type  require  an  aeroelastic 
("flutter")  model,  or  an  articulated  model  which  simulates  the  nodes  of  the 
modes  of  vibration. 

However,  in  the  case  of  negligible  coupling  between  the  motion  of  the 
vehicle  and  the  aerodynamic  forces,  a  dynamically  scaled  model  of  the  proto¬ 
type  is  not  required.  In  this  case  the  measured  pressures  and  the  measured 
response  are  independent  of  one  another.  This  means  that  there  are  two  basic 
techniques  for  measuring  the  excitation  producing  transonic  buffeting.  We 
can  measure  the  space  and  time  correlation  of  the  unsteady  pressure  field 
acting  on  a  model  system  with  transducers  and  use  these  measurements  and 
the  properties  of  the  structure  to  predict  the  dynamic  response  of  the  full- 
scale  vehicle;  or  we  can  measure  the  space  and  time  correlation  of  the  dynamic 
response  of  a  calibrated  model  system(one  of  known  dynamic  properties)  and 
use  this  measured  response  along  with  the  known  dynamic  properties,  to  com¬ 
pute  the  CPSD  of  the  unsteady  pressure  field  that  is  exciting  the  model 
system.  This  computed  CPSD  of  the  pressure  field  can  then  be  used  in  the 
response  calculations  for  the  full-scale  vehicle. 
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There  are  several  types  of  wind  tunnel  tests  which  can  be  (and  have 
been)  run.  Three  types  of  wind  tunnel  tests  to  determine  design  criteria 
for  the  buffeting  excitation  are  discussed  in  Reference  4.  These  include 
1)  a  pressure  model  test,  2)  a  test  of  a  dynamically  calibrated  wind  tunnel 
model  system,  and  3)  a  test  of  a  dynamically  scaled  wind  tunnel  model.  A 
fourth  type  of  test  should  now  be  added.  This  is  a  test  utilizing  the 
inertia-compensated-balance  system  which  will  be  discussed  in  a  paper  to  be 
presented  in  the  fifth  session  of  this  Symposium.  The  similitude  analysis 
and  the  scaling  laws  developed  here  apply  to  all  of  these  tests. 

The  choice  of  the  independent  variables  is  governed  by  knowledge  of  the 
fundamental  physics  of  the  problem  plus  physical  insight  and  intuition.  The 
independent  variables  chosen  to  be  significant  are  given  in  Table  2.  These 
variables  can  be  divided  into  three  groups:  1)  the  variables  describing  the 
geometry  of  the  body,  2)  the  variables  describing  the  dynamic  elastic  behavior 
of  the  vehicle  structure,  and  3)  the  variables  describing  fluid  flow  at  high 
subsonic  and  low  supersonic  velocities.  The  variables  in  group  3  (namely,  V, 
/*♦  /°  *  y  ,  /}  ,  R)  are  inter-dependent  since  for  example  depends  on  jQ . 
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If  the  effects  of  variations  of  one  of  these  variables  are  to  be  studied,  then 
this  inter-dependence  must  be  kept  in  mind.  For  example,  the  effects  of 
cannot  be  determined  unless  the  density  is  varied  to  keep  Reynolds  number  a 
constant. 

It  may  be  argued  that  the  vortexes  shed  or  the  thickness  of  the  boundary 
layer  affect  the  unsteady  aerodynamic  loads  and  that  these  loads  should,  there¬ 
fore,  be  considered  to  be  functions  of  these  variables.  However,  the  vorti- 
city  and  boundary  layer  thickness  are  themselves  determined  by  the  independent 
variables  listed  above.  These  independent  variables,  therefore,  ultimately 
determine  the  unsteady  aerodynamic  loads. 


Table  2  Independent  Variables 

Dimensions 

D 

=  Reference  Diameter 

L 

A 

=  Any  typical  dimension 

L 

t 

=  Any  characteristic  time  associated  with  the  flow 

T 

e 

=  Any  typical  dimension  representing  roughness 

L 

V 

i 

=  Natural  frequency  of  structure  in  the  i**  mode 

T"1 

m 

=  Structural  mass  per  unit  length 

ML"1 

«i 

=  Damping  coefficient  of  iv>  mode  of  bending  vibration 

ML"1!"1 

El 

=  Bending  Stiffness  of  structure 

ml5t"2 

V 

=  Velocity  of  air  flow  relative  to  missile 

LT"1 

=  Absolute  viscosity  of  the  air 

ML-1T-1 

=  Mass  density  of  air 

ML-5 

ar 

=  Specific  heat  ratio  of  air 

Dimension¬ 

less 

# 

=  Temperature  of  air 

e 

R 

=  Gas  constant  of  air 

U. 

=  Angle  of  attack 

Dimension¬ 

less 

|  NOTE:  a  =  R  /^'  is  the  velocity  of  sound  in  air. 

The  subscript  i  refers  to  the  i»  mode.  When 

a  is  used  as  a  subscript,  it  refers  to  the 

model. 

B.  Dimensionless  Parameters  Containing  the  Independsnt  and  Dependent 
Variables 


From  the  15  independent  variables  given  in  Table  2  we  can  construct  11 
[(15-^)  =  111  dimensionless  parameters  containing  the  independent  variables 
These  parameters  are  listed  in  Table 


Table  5  Dimensionless  Parameters  Containing  the  Independent  Variables 


•jr 


A 

D 


IT., 


D 
V  t 


=  * 


V/  V  ^R  =  —  ,  the  Mach  number 


^o  VD/w-  ,  the  Reynolds  number 
e/D 


%- 


v  1 
x 


8 


D2/m 


•  V2 


-TTQ  =  El/ q  D  ,  where  q  = 


is  the  dynamic  pressure 


10 


Ci 


*11  * 


2  the  i  ®  mode 

oC  ,  angle  of  attack 


,  the  equivalent  viscous  damping  ratio  for 


3  generalized  mass  of  the  mode. 


From  the  four  (4)  dependent  variables  for  the  pressure  model  test 
(Table  1}  apd  the  independent  variables  (Table  2)  we  can  construct  four  (M 
dimensionlers  parameters  containing  the  dependent  variables.  These  are 
listed  in  Table  4. 


Table  4  Dimensionless  Parameters  Containing  the  Dependent  Variable  1 

*ir  =  w  t 

12 

'K  = 
13 

Pi(t) 

q 

v.  (t) 

dr  ,  1 

'TT  = 
15 

y3(0 

14  qD 

D 

2 

.  f  v 

where  q  =  — 

is  the  dynamic  pressure. 

C.  Dimensionless  Parameters  for  the  Cross  Correlation  Functions  and 
CPSD  Functions 


The  cross  correlation  functions  anci  CPSD  functions  for  the  unsteady 
pressure  field  and  the  dynamic  response  are  defined  in  terms  of  the  dependent 
variables  p^(t)  =  p(  iv  ,  t)  and  y^(t)  =  yCf^,  t).  We  can  therefore  write 

these  CPSD  functions  in  dimensionless  form  in  terms  of  the  dimensionless 
parameters  from  Table  3  and  Table  4. 

Let  us  consider  two  functions  of  time  'i^(t)  and  l^'t).  The  cross¬ 
correlation  functions,  „  ,  (t'),  and  the  cross  power  spectral  density 

‘l 

function,  F  .  n  ( uj  ) ,  are  Fourier  transform  pairs  which  may  be  written  in 
ll  '2 

the  form. 
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Thus,  l 1>  (t1)  has  the  same  units  as  the  product  *7^(t) 

1  2 


Applying  the  above  relations  and  definitions  to  the  CPSD  of  p^v, 
w(  |  ,  t)  and  y(£  ,  t)  we  obtain  the  following  dimensionless  parameters: 


Gross  Correlation  Functions: 
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CPSD  functions: 
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the  /7\  given  in  Table  3  and  Table  4,  we  can  rewrite  the  above  in 
dimensionless  form: 
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b,  Scaling  laws 

•Since  ail  the  variables  in  the  jirobiem  can  be  expressed  in  torses 
of  the  four  basic  distensions  of  mass,  length  time  and  temperature, 
four  scale  factors  con  be  cftor.cn  arbitrarily.  Thtue  are: 
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D  /D  (the  length  scale  factor) 
p  m 


V  /V 
p  m 

P  /p 
*p  rm 

R  /R 

p  m 


The  subscripts  p  and  m  refer  to  the  prototype  and  model,  respectively. 

All  other  scale  factors  can  be  expressed  in  terms  of  these  four  by 
making  the  dimensionless  paramters  "Jr^,  .  .  .  ,  IT^  the  same  for  the  model 

and  the  prototype.  If  T  .  .  .  ,  IT  can  be  made  the  same  for  model  and 

prototype,  it  follows  that  it  =  'JT^,  k  =  1,  2,  .  .  .  ,  21;  giving  the  scale 
factor  for  the  dependent  variables. 

The  following  scaling  laws  are  obtained  by  choosing  n. ,  .  .  .  ,  n^  and 
setting  =  CVp: 
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E.  Discussion  of  Scaling  Laws 

The  scaling  laws  for  the  frequency  of  the  oscillating  loads,  temperature, 
surface  roughness,  fluid  viscosity  (Reynolds  number),  and  model  structure  are 
of  particular  interest. 

The  scaling  law  for  the  frequency  of  oscillating  loads  is 


L) 


to 


This  requires  that  the  unsteady  pressures  of  the  model  should  be  observed 
nl 

at  frequencies  that  are  ™  times  the  value  of  those  frequencies  of  concern  on 

the  full-scale  prototype.  Note  that  while  a  characteristic  time  associated 
with  the  flow,  (say,  T  =  D/V)  is  considered  to  be  an  independent  variable,  the 
characteristic  frequencies  of  oscillation  of  the  unsteady  aerodynamic  pressures 
are  considered  to  be  dependent  variables.  This  implies  that  the  scaling  of  the 
frequency  coordinate  of  the  nondimensional  PSD's  is  a  function  of  the  similitude 
paramters  involving  the  independent  variables  and  is  not  simply  a  reduced  fre¬ 
quency  (Strouhai  number)  based  on  a  characteristic  length,  such  as  body  dia¬ 
meter  or  boundary-layer  thickness.  This  viewpoint  has  the  advantage  that  it 
forces  one  to  investigate  the  effects  of  lack  of  similitude  on  the  abscissa  of 
the  nondimensional  PSD's  as  well  as  the  effects  on  the  ordinate  of  the  non- 
dimensional  PSD's. 

The  scaling  law  for  temperature  is 
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For  n^  =  1,  i.e.,  the  same  gas  is  used  for  model  and  prototype,  then  the 
scaling  law  for  temperature  becomes 


It  is  generally  not  possible  to  satisfy  this  criterion  exactly  in  wind 
tunnel  tests.  However,  it  is  believed  that  this  is  not  an  important  varia¬ 
ble,  and  does  not  affect  the  results  appreciably  if  the  value  provided  is  not 
too  far  from  the  required  value.  The  sensitivity  of  the  results  to  this 
variable  can  be  checked  by  varying  the  total  temperature  of  the  wind  tunnel. 
Here  it  should  be  noted  that  variations  in  temperature  also  effect  the 
Reynolds  number.  This  coupling  effect  must  be  considered  in  the  planning 
of  a  test  and  in  the  interpretation  of  the  data. 


The  surface  roughness  of  the  flight  structure  is  difficult,  if  not  im¬ 
possible,  to  define  precisely  -  let  alone  simulate.  The  effect  of  surface 
roughness  can  be  investigated  qualitatively  in  the  model  test  by  changing 
the  model  roughness.  If  the  magnitude  of  the  unsteady  aerodynamic  forces  and 
pressures  were  found  to  increase  with  roughness,  it  would  be  necessary  to 
choose  a  particular  roughness  that  would  give  conservative  results  for  the 
full-scale  missile.  The  surface  roughness  parameter  becomes  especially  im¬ 
portant  if  the  buffet  phenomenon  being  investigated  involves  shock-boundary 
layer  interaction  and  boundary  layer  separation.  The  separation  of  the 
boundary  layer  may  be  significantly  affected  by  the  surface  roughness.  If  no 
flow  separation  exists  on  the  "smooth"  wind  tunnel  model,  while  it  does  exist 
on  the  full-scale  prototype,  the  loads  measured  on  the  model  would  not 
accurately  predict  the  loads  on  the  prototype. 


The  scaling  law  for  absolute  viscosity  cannot  generally  be  satisfied, 
and  hence  the  Reynolds  number  (  7T  c) ,  cannot  generally  be  made  the  same  for 

model  and  prototype.  A  Reynolds  number  of  about  half  the  full-scale  value 
can  usually  be  provided  in  the  wind  tunnel  for  a  prototype  which  is  about  10 
feet  in  diameter.  As  the  size  of  the  prototype  increases,  the  fraction 


‘V 

_ m_ 


will  necessarily  decrease  unless  larger  and  larger  tunnels  are  built. 


Since  the  latter  alternative  is  a  very  costly  and  lengthy  procedure,  it  is 
necessary  to  investigate  the  Reynolds  number  dependence  on  the  buffet  pheno¬ 
menon  more  thoroughly  by  careful  analysis  of  test  results  and  systematic 
planning  of  future  tests.  For  a  given  wind  tunnel  facility,  the  Reynolds 
number  can  be  varied  by  varying  the  total  pressure  or  temperature  of  the 
flow,  by  varying  the  model  from  a  small  size  to  the  maximum  possible  size,  or 
by  using  a  working  fluid  other  than  air;  for  example.  Freon. 
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In  the  case  of  tests  of  a  dynamically  scaled  wind  tunnel  model  system, 
additional  practical  difficulties  in  scaling  the  model  structure  make  it  im¬ 
possible  to  scale  up  the  measured  response  of  the  model  to  full  size  directly 
by  the  given  scaling  laws. 


One  difficulty  is  the  requirement  of  equal  damping  for  model  and  full- 
scale,  expressed  b;>  the  relationship  f'  =  The  damping  for  the  full  scale 

structure  is  not  known  before  it  is  built,  and,  even  if  it  were,  it  is  practi¬ 
cally  impossible  to  build  a  model  with  a  specified  damping  ratio.  Since  the 
peak  response  of  an  elastic  structure  to  a  random  excitation  is  sensitive  to 
the  amount  of  damping,  this  factor  alone  makes  it  desirable  to  eliminate  the 
effects  of  the  dynamic  properties  of  the  model  by  computing  the  CPSD  of  the 
excitation  forces  using  Equation  (  15)  ,  p.  28. 


Another  difficulty  is  the  similitude  requirement  for  all  the  natural  fre 

quencies  of  the  structure,  A  liquid-fuel  missile  contains  slosh  masses  that 

cannot  be  adequately  simulated  in  a  scale  model.  This  is  because  of  the 

difficulty,  if  not  the  impossibility,  of  choosing  a  material  for  the  model 

structure  that  simultaneously  satisfies  the  ratio  p  /  p  =  l/n..,  the  bendin 

,  m  p  5 

stiffness  ratio  (El)  /(El)  =  • — j —  ,  and  the  mass  ratio  given  by 

m  p  a-  d 


m/(0  =  1/n^,  the  bending 


m  /m 

m  p 
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which  includes  the  weight  of  the  liquid  propellant  as  well  as 


the  structure.  For  example,  if  a  value  of  n. 


-  is  chosen  to  provide  the  same 


Reynolds  number  for  model  and  full  scale,  it  becomes  necessary  to  choose  a 
structural  material  for  the  model  that  is  five  times  denser  that  the  prototype 
material.  If  this  requirement  is  neglected  and  the  same  material  is  chosen  for 
model  and  full  scale,  then  the  satisfaction  of  the  bending  stiffness  ratio  will 
provide  a  model  structure  that  is  too  light.  This  is  compensated  by  simulating 
propellant  masses  by  a  model  material  that  is  much  denser  that  five  times  the 
fuel,  so  that  the  overall  mass  ratio  for  both  structure  and  propellant  is  satis 
fied.  Therefore,  it  can  be  seen  that  the  model  response  or  internal  loads  on 
the  structure  cannot  be  scaled  up  directly  from  the  results  of  a  scale-model 
test. 


It  is  possible,  however,  to  use  the  measured  response  to  compute  the  un¬ 
steady  aerodynamic  loads  and  to  scale  up  those  loads  acting  on  the  model. 
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V.  REVIEW  OF  PREVIOUS  WORK  AND  SUGGESTED  AREAS  FOR  FUTURE  RESEARCH 


In  the  recent  past,  wind  tunnel  tests  of  all  four  types  noted  above  have 
been  conducted.  The  Ames  Laboratory  of  NASA  has  conducted  tests  of  a  variety 
of  nose  shapes.  These  tests  have  investigated  the  effects  of  nose  shape  on 
the  rms  fluctuation  level,  the  shape  of  the  power  spectral  density  (PSD)  curves, 
and  the  amount  of  aerodynamic  damping.  The  coupling  between  the  model  deflect¬ 
ion  and  the  excitation  forces  has  also  been  investigated.  Some  of  these  tests 
have  been  directly  associated  with  a  development  project,  e.g.,  Atlas  Able  V, 
and  Centaur. 

In  addition  to  the  work  at  Ames  Laboratory,  considerable  work  has  been 
done  at  the  NASA  Langley  Research  Center.  These  tests  have  investigated  the 
buffet  problem  on  the  Mercury-Atlas  and,  more  recently,  on  the  manned  lunar 
vehicle  configurations. 

Transonic  buffet  studies  of  Titan  II  with  the  Mark  4  and  Mark  6  re-entry 
vehicles  were  conducted  by  the  Martin  Company  at  the  Propulsion  Wind  Tunnel 
at  the  Arnold  Engineering  Development  Center.  (This  work  is  outlined  in  some 
detail  in  Reference  4).  The  Martin  Company  is  also  responsible  for  the  tests 
of  Titan  III  with  a  Dyna-Soar  payload,  and  also  with  a  bulbous  payload. 

In  the  course  of  this  work,  attempts  have  been  made  to  investigate  the 
accuracy  and  limitations  of  the  scaling  laws  given  here.  In  the  Ames  tests, 
Reynolds  number  was  varied  both  by  varying  total  pressure  and  by  varying  the 
model  scale  factor.  Some  of  this  work  is  being  presented  at  thi6  Symposium  in 
Session  by  Mr.  C.  F.  Coe.  At  Langley,  tests  of  the  same  configuration  were 
run  with  different  gases  (air  and  Freon)  but  the  same  Reynolds  number.  (Ref.  6) 
These  test  results  indicate  that  for  equal  Reynolds  number  the  scaling  laws 
given  above  for  *7t  and  hold. 

The  investigations  to  date  have  indicated  that  there  are  two  types  cf 
transonic  buffeting:  1)  Wake  buffeting  (e.g.,  buffeting  by  the  wake  of  the  es¬ 
cape  rocket  on  the  Mercury-Atlas),  and  2)  Buffeting  by  loads  created  by  inter¬ 
mittent  flow  attachment  and  detachment.  (This  type  of  buffeting  usually  in¬ 
volves  a  shock-wavo-boundary  layer  interaction  at  the  point  of  onset  of  the 
flow  separation.)  The  wake  buffeting  is  characterized  by  unsteady  pressure 
fluctuations  which  have  a  relatively  flat  PSD  curve,  similar  to  "white  noise". 
The  separated  flow  buffet  is  characterized  by  a  large  amount  of  energy  at  the 
low  frequency  and  of  the  spectrum.  Thus,  this  type  of  buffeting  produces  more 
severe  dynamic  response  of  the  structure  in  th<'  bending  modes. 

The  question  of  coupling  between  the  transonic  aerodynamic  forces  and  the 
motion  of  the  vehicle  has  not  been  conclusively  answered.  The  testa  at  Ames 
Research  Center  have  indicated  that  coupling  may  exist  for  profiles  which  have 
a  gradual  boattail.  Tc:.ts  using  an  articulated  balance  and  light-weight  fiber¬ 
glass  models  have  indicated  that  the  bulbous  payloads  may  have  negative  aero¬ 
dynamic  damping  at  transonic  Mach  numbers.  Further  investigation  of  this  aspect 
of  the  transonic  buffet  problem  is  required. 
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Another  area  requiring  further  investigation  is  the  axial  correlation  and 
the  circumferential  correlation  of  the  unsteady  pressure  field.  The  dependence 
of  the  CPSD  of  the  pressure  field  should  be  determined  as  a  function  of  Mach 
number,  angle  of  attack,  Reynolds  number,  surface  roughness,  and  body  shape. 

This  dependence  is  of  particular  importance  with  regard  to  the  resulting 
cross-correlation  of  the  forces  in  the  pitch  and  yaw  planes.  If  these  forces 
are  correlated  in  such  a  way  to  produce  bending  moment  response  in  pitch  and 
yaw  which  have  high  correlation,  then  the  mean-square  bending  stresses  will  be 
higher  than  either  the  mean-square  bending  stress  resulting  from  the  pitching 
moment  or  the  mean  square  bending  stresses  resulting  from  the  yawing  moment. 
Another  important  application  of  this  information  is  in  the  design  of  pressure 
model  tests.  The  number  of  pressure  transducers  required  to  give  an  accurate 
approximation  for  the  force  acting  on  an  area  of  a  model  is  a  function  of  the 
cross-correlation  of  the  unsteady  pressure  field. 

VI.  SUMMARY  AND  CONCLUSIONS 

Scaling  laws  which  apply  to  scale  model  tests  to  determine  transonic 
buffeting  excitation  have  been  derived  by  direct  application  of  the  Buckingham 
Pi  Theorem,  The  difficulties  arising  from  inability  to  provide  exact  similitude 
have  been  pointed  out.  The  theory  of  distorted  scale  models  have  been  reviewed. 

It  has  been  noted  that  several  important  areas  require  additional  study: 

1)  The  effects  of  time  variation  of  the  flow  parameters  (M,  o C,  HN,  q,^) 
on  the  level  of  the  unsteady  pressures. 

2)  The  dependence  of  the  scaling  laws  on  Reynolds  number  and  the  pro¬ 
perties  of  the  teat  medium. 

J)  The  dependence  of  the  excitation  on  motion  of  the  wind  tunnel  model. 
(The  importance  of  this  effect  is  expected  to  depend  on  the  con¬ 
figuration  geometry). 

*0  The  variation  in  cross-correlation  of  the  unsteady  pressures  (with 
axial  distance  and  circumferential  angle)  with  changes  in  geometry. 

It  is  hoped  that  this  review  of  the  similitude  requirements  and  other 
factors  associated  with  the  design  of  scale  model  tests  to  measure  the  transonic 
buffeting  excitation  will  help  engineers  with  the  planning  of  future  tests  and 
with  the  interpretation  of  test  results. 
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RESPONSE  OF  NONUNIFORM  BEAM  TO  TRANSONIC  BUFFETING  FORCES 
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This  appendix  presents  a  brief  review  of  the  analytical  tools  which  are 
available  for  calculation  of  the  response  of  a  non-uniform  beam  model  of  the 
missile  structure  to  stationary  random  excitation.  The  analysis  as  discussed 
here  applies  to  the  gross  loads  problem.  It  should  be  noted,  however,  that  the 
local  loads  problem  can  be  handled  simply  by  substituting  an  appropriate 
structural  model  which  describes  the  dynamic  response  of  the  shell  structure 
or  panels.  In  this  appendix  the  normal  mode  approach  of  beam  vibration 
analysis  is  used;  and  it  is  assumed  that  the  modes  are  not  coupled  because 
of  damping.  This  review  of  the  response  analysis  for  the  idealized  transonic 
buffet  problem  indicates  what  information  must  be  obtained  from  a  wind  tunnel 
test. 

* 

Powell  has  shown  that  the  cross  power  spectral  density  of  the  response 
of  this  non-uniform  beam  is  given  by  an  integral  equation: 
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is  the  complex  impedance  for  the  (n)$  mode;  and 
F  £ui|w(  §  ',  t),  w(  f ,  t)] 

is  the  cross  power  spectral  density  of  the  disturbing  force  w(|,  t)  (Fig.  1), 


S.  H.  Crandall:  Random  Vibration,  Technical  Press  of  Massachusetts  Insti¬ 
tute  of  Technology,  and  John  Wiley  and  Sons,  New  York,  1958,  p.  19P. 

In  Equation  (9)  and  in  following  equations  asterisk  (*)  denotes  complex 
conjugate. 
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If  the  length  of  the  beam  can  be  divided  into  discrete  lengths 


over  which  the  distributed  excitation  w( %  ,  t)  has  a  unity  spatial  correlation 
but  is  random  in  time;  then  w(  £ ,  t)  can  be  written  in  the  form 


w(  f  ,  t)  =  Wi(  %■)  Qi(t) 


(10) 


for 


fitl- 


For  excitation  of  the  form  of  Eq(10)  the  (integral)  Eq  (9)  can  be  trans¬ 
formed  to  a  matrix  equation  as  follows: 
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See  Figure  1. 

*  [  J  Sysbcl  denotes  a  diagonal  matrix.. 


F^(w|Q^(t),  C t) )  is  the  cross  power  spectral  density  of  ( t)  and  ^(t). 

The  value  of  — ^  is  then  determined  by  integrating  Sq  (11)  over  fre- 
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quency. 


By  assuming  that  power  spectral  density  of  the  response  has  a  negligible 
value  expect  in  the  neighborhood  of  the  natural  frequencies  of  the  system, 

Eq  (11)  can  be  greatly  simplified.  Reference  5  shows  that  Eq  (13.)  can  be  re¬ 
duced  to 
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an  approximate  value  for  the  integral  of  Eq  (12)  is  obtained  which  is 
Jk(t)y  ( t) ;  namely. 
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The  determination  of  the  transonic  buffet  loads  it^osed  on  a  launch 
vehicle  thus  involves  three  steps: 

1)  Determination  of  the  steady  state  and  unsteady  aerodynamic  forces 
by  conducting  a  wind  tunnel  test; 

2)  Determination  of  the  normal  mode  model  of  the  missile  structure  by 
analytical  vibration  analysis  and  by  vibration  tests;  and 

3)  Determination  of  the  transonic  buffet  response  of  the  vehicle  by 
use  of  the  results  of  1)  and  2)  and  Equation  (11)  or  (12). 

Botman+  shows  that  the  matrix  Equation  (11)  may  be  inverted  so  that  the 
input  spectra  appear  on  the  left  hand  side  of  the  equation.  The  right  hand 
side  of  the  equation  includes  the  output  spectra  of  tie  mechanical  system 
and  transfer  matrices  H(w)  that  depend  on  the  dynamic  properties  of  the 
mechanical  system. 
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From  Equation  (12)  we  can  solve  for  the  PSD  of  the  generalised  force 
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Equation  (15)  shows  that  since  in  a  lightly  damped  model  the  response  is 
restricted  to  small  frequency  bands  about  the  values  of  £U  =  only  the  PSD 

of  the  generalised  force  P  at  Ui=  <*j  can  be  obtained  by  the  inversion  pro¬ 
cedure.  ^  ^ 

The  details  of  the  spatial  distribution  are  lost.  If  several  modes  are 
excited,  then  the  PSD  several  integrals  (one  for  each  code)  of  the  excitation 

are  determined  for  the  values  of  -  OJ  .  Additional  values  of  the  PSD  of  P 

d  d 

can  be  obtained  by  l>  changing  the  mode  shapes  (P  (x)  and  2)  changing  the 
natural  frequencies  io  .  4" 

H.  L.  Batman:  The  Response  of  linear  Systems  to  I nhosmogeneous  Random 
Excitations;  IAS  Paper  No.  61-32,  presented  at  IAS  29^  Annual  Meeting, 
?!ew  York,  'iewYork,  23-25  January,  19&1. 
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USING  DISSIMILAR  MATERIALS 


by 
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Southwest  Research  Institute 


ABSTRACT 


Use  of  structural  models  made  of  materials  different 
from  full-scale  offers  promise  of  allowing  considerable 
latitude  in  choice  of  model  test  conditions,  particularly 
in  the  intensity  and  duration  of  loading.  An  analytical 
and  experimental  evaluation  of  the  feasibility  and  po¬ 
tential  of  this  approach  has  therefore  been  made.  Pre¬ 
sented  are  an  analysis  of  the  general  similitude  require¬ 
ments  for  the  modeling  of  dynamic  response  of  aero¬ 
space  structures  utilizing  dissimilar  materials  and  an 
investigation  of  the  problems  associated  with  meeting 
these  requirements.  Also,  model  tests  involving  the 
elastic-plastic  response  of  impulsively  loaded  beams 
and  plates  made  of  relatively  weak  and  dense  lead- 
loaded  plastic  are  described  and  their  results  are  com¬ 
pared  with  independent  full-scale  results  for  aluminum. 
Agreement  indicates  probable  usefulness  of  approach. 
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SYMBOLS 


a  Acceleration  (LT'2) 

d  Displacement  (L) 

e  Strain  component  (-) 

e  Strain-rate  component  (T~  2 ) 

E  Young's  modulus  (FL~2) 

£  Function  ( -  ) 

F  Force  (F) 

g  Gravitational  acceleration  (LT-^) 

i  General  identifying  subscript  (-) 

I  Impulse  (FL~2T) 

k  Strain-rate  sensitivity  (T) 

1  Characteristic  length  (L) 

m  Subscript  referring  to  model  (-) 

o  Subscript  referring  to  original  or  characteristic  state  (■■•) 

p  Pressure  (FL~  ),  subscript  referring  to  prototype  (-) 

P  Material  plastic  modulus  (FL~2) 

r  Suoscript  indicating  ratio,  model  to  prototype  (-) 

R  Radius  (L.l 

S  Stress  (FL~^) 

t  Time  (T) 

Yield  stress  (FL'2) 


Y 


z 


Displacement  (L) 

0  Angle  (-) 

(x  Poisson's  ratio  (-) 

p  Mass  density  (FLT^T^) 


Function  (-} 
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INTRODUCTION 

The  formal  rules  leading  to  the  development  of  modeling  or  si¬ 
militude  criteria  are  relatively  simple.  Since  these  formal  rules  are 
well  known  and  comprehensively  treated  in  various  references,  they  will 
not  be  presented  here.  This  simplicity  is  somewhat  deceptive,  however, 
and  it  is  easy  to  neglect  the  crucial  need  for  sound  judgment  in  the  appli¬ 
cation  of  these  rules  to  specific  problems.  It  is  considered  appropriate 
therefore  to  emphasize  two  points  of  this  theory.  First,  it  is  noted  that 
exact  modeling  requires  that  all  parameters  significant  to  the  model  and 
prototype  systems  be  included  in  the  analysis  and  that  the  same  parame¬ 
ters  and  natural  laws  apply  to  the  model  system  and  the  prototype  system. 
The  second  point  is  that  the  use  of  model  techniques  to  solve  real  prob¬ 
lems  will  invariably  require  compromises  and  approximations  to  exact 
modeling  and  that  the  choice  of  appropriate  compromises  and  approxima¬ 
tions  remains  primarily  an  art,  dependent  on  the  judgment  and  experience 
of  the  experimenter  rather  than  on  established  mathematical  procedures. 

In  this  presentation,  consideration  will  be  restricted  to  modeling 
of  the  response  of  structures  subjected  to  specified  dynamic  loads.  The 
specific  class  of  problems  to  be  considered  will  involve  "large  dynamic 
deflections  of  complex  structures;  an  example  of  the  area  of  concern 
would  be  the  response  of  stiffened  shells  to  blast  loads.  This  presenta¬ 
tion  will  not  consider  the  important  areas  of  coupled  problems  in  which 
the  loads  are  dependent  on  displacements  and  thus  cannot  be  specified 
independently.  Neither  will  problems  be  considered  which  would  allow 
gross  approximations  of  the  structure  in  the  nature  of  a  lumped  stiffness. 
In  spite  of  this  necessarily  restricted  scope,  however,  it  is  intended  that 
the  extension  of  the  concepts  presented  here  to  the  broad  field  of  dynamic 
modeling  be  evident. 

MODELING  OF  THE  RESPONSE  OF 
STRUCTURES  TO  DYNAMIC  LOADS 

As  a  first  step,  consider  the  elastic  response  of  a  structure 
made  of  a  single  material  to  some  prescribed  dynamic  loading  condition 


rh'-  geometry  of  this  structure  will  be  described  by  a  single  characteris¬ 
tic  length  1  and  by  various  nondimensional  length  ratios  li  and  angles  0i. 

The  elastic  material  behavior  will  be  described  by  the  properties  E,  p 
and  p  If  the  applied  load  at  any  point  can  be  represented  by  a  relation 
of  the  form  pj  =  pc  f i ( t / 1 0 ) ,  then  the  significant  load  parameters  will  be 
Po.  f i »  and  to  Here  the  response  parameter  of  interest  will  be  restricted 
to  some  displacement  z  Application  of  the  well-known  Buckingham  tt 
Theorem  then  leads  to  a  relation  of  the  form 

z/1  -  4>»li,  0i,  p,  fit  p0/E,  pl2/E  t02>  (1) 

The  nondimensional  response  parameter  z/1  will  then  be  identical  in 
model  and  prototype  if  all  of  the  nondimensional  parameters  on  the  right- 
hand  side  of  Eq.  (1)  are  identical  in  model  and  prototype.  Note  that  the 
requirement  is  that  the  nondimensional  groups  be  the  same  in  model  and 
prototype— ■  not  that  individual-properties  be  the  same. 

The  usual  approach  in  modeling  is  to  construct  a  geometrically 
similar  model  from  the  same  material  as  the  prototype  and  to  accept  the 
limitations  in  test  conditions  which  result.  Consider  now  the  consequences 
of  this  choice  of  model  material.  First,  identical  li  and  0i  in  model  and 
prototype  requires  a  geometrically  similar  model.  The  requirement  that 
fim  ~  fip  means  that  the  shapes  of  the  loading  functions  must  be  identical. 
Since  the  same  material  is  used  in  model  as  in  prototype,  pm  =  pp  and 
Em  -  Ep  The  parameter  p0/E  then  leads  to  the  requirement  that  the 
pressures  involved  in  the  model  tests  must  be  identical  with  the  pressures 
associated  with  prototype  tests.  Finally,  since  pm  -  Pp.  the  nondimen¬ 
sional  parameter  pl2/E  t02  leads  to  the  requirement  that  torn/top  -  lm/lp. 
Thus,  it  is  seen  that  in  the  conventional  approach,  in  which  the  model  is 
made  from  the  prototype  material,  model  tests  must  be  conducted  at 
pressures  equal  to  those-  for  the  prototype  tests  and  the  model  time  scale 
will  be  reduced  in  proportion  to  the  reduction  in  geometric  scale 

As  a  next  step,  consider  the  possibilities  of  exact  modeling  if  the 
restriction  of  construction  of  the  model  from  the  prototype  material  is 
removed  The  requirement  that  pm  pp  remains;  however,  since  in 
many  problems  Poisson's  ratio  is  not  a  significant  parameter,  it  is  ex¬ 
pected  that  deviations  from  this  requirement  may  often  prove  to  be  quite 
satisfactory.  It  will  be  noted  that,  thus  far  there  have  been  no  specific 
restrictions  placed  on  the  value  of  Em.  Therefore,  a  model  material 
’nigh*,  be  selected  such  that  Em  is  significantly  smaller  than  Ep.  Let  us 
investigate  the  consequences  ol  selecting  a  model  material  with  Em  - 
Ep/10()  First,  i'  is  seen  that  the  model  tests  will  now  oe  conduc’ed  at 
pressure  s  pm  pp/100,  often  a  very  significant  experimental  advantage 
S<  cotul.  if  the  model  material  selected  lias  pm  A  pp  then,  for  a  geometric 
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scale  ratio  lm  =  lp/5,  the  resulting  model  system  time  scale  will  be  in¬ 
creased  to  four  times  that  of  the  prototype,  i.  e.  ,  tom  -  4  top.  This 
choice  of  properties  for  the  model  material  would  thus  result  in  an  ex¬ 
perimental  situation  in  which  the  model  would  be  tested  at  significantly 
lower  pressures  and  longer  times  than  the  prototype  system.  With  regard 
to  the  very  important  practical  problem  of  how  an  actual  structure,  made 
of  aluminum  for  example,  might  be  modeled,  a  lead-loaded  plastic  mate¬ 
rial  might  be  considered. 

Let  us  next  investigate  the  possibility  of  testing  models  at  signifi¬ 
cantly  lower  pressures  and  shorter  times  than  those  associated  with  the 
prototype  situation.  Such  model  tests  would  be  valuable  in  connection 
with  the  problem  of  predicting  the  response  of  structures  to  the  loads  re¬ 
sulting  from  large  thermonuclear  blasts.  If  a  model  material  is  selected 
which  has  properties  E*m  ~  Ep/10  and  pm  =  pp/10,  then  the  model  tests 
could  be  conducted  at  pressures  lower  by  a  factor  of  10  than  those  asso¬ 
ciated  with  the  prototype,  and  the  model  characteristic  times  will  be 
shorter  than  the  prototype  times  by  the  same  factor  as  the  geometric 
scale  reduction.  In  this  case,  perhaps  an  appropriate  set  of  material 
properties  could  be  obtained  using  foamed  plastics  or  foamed  metals. 

As  a  third  example  of  the  potential  application  of  models  made 
from  different  materials  than  the  prototype,  consider  the  need  to  include 
the  effects  of  gravity  or  other  external  accelerations  on  a  structural 
dynamics  modeling  problem.  Such  a  problem  might  arise  in  the  consid¬ 
eration  of  the  response  of  re-entry  vehicles  to  blast  loads  during  re-entry. 
In  this  case,  the  characteristic  acceleration,  a,  must  be  added  to  the 
list  of  significant  problem  parameters  and  one  additional  nondimensional 
group  would  be  added  to  Eq.  (1).  Such  an  appropriate  nondimensional 
group  is  pal/E.  From  this  new  modeling  parameter  it  is  seen  that  if  the 
same  material  is  used  in  model  as  in  prototype,  geometric  scaling  lm  = 
lp/10  would  lead  to  am  =  10  ap,  i.  e.  ,  the  model  accelerations  must  be 
ten  times  the  full-scale  accelerations  for  similar  stresses,  deformations, 
etc  If  it  is  desired  to  test  the  model  at  the  same  acceleration  as  the 
prototype,  then  this  might  be  accomplished  for  a  1/10  linear  scale  model 
through  the  use  of  a  model  material  with  Er  =  1/10  and  pr  =  1-  As 
another  situation  of  potential  interest,  consider  the  need  to  make  model 
tests  at  lg  of  a  prototype  situation  involving  50g.  In  this  case,  ar  =  1/50 
and  for  a  scale  model  with  lr  =  1/5,  Er/pr  must  equal  1/250.  This 
might  be  accomplished  using  a  very  weak  and  very  dense  model  material 
such  that  Er  -  1/100  and  pr  =  2.5. 

The  preceding  examples  of  the  possible  control  of  experimental 
conditions  for  model  testing  should  give  some  feeling  for  the  flexibility 
which  the  dissimilar  materials,  approach  provides  to  the  experimenter. 
Next,  it  seems  appropriate  to  consider  certain  generalizations  and 


sophistications  of  this  approach.  Thus  far,  effects  of  rate  of  strain  have 
been  neglected.  Since  many  materials  are  quite  insensitive  to  strain-rate 
effects  -,  this  neglect  can  often  be  justified.  However,  it  is  important  to 
note  that  the  use  of  the  same  material  in  model  and  prototype  precludes 
the  exact  scaling  of  rate  effects  and  thus  this  conventional  approach  can¬ 
not  be  used  when  rate  effects  are  important,  which  is  the  case  for  many 
of  the  plastic  structural  materials.  This  preclusion  can  be  seen  from  the 
facts  that  the  modeling  described  requires  strains  to  be  the  same  in  model 
and  prototype  whereas  times“must  be  different  by  the  same  factor  as  the 
geometric  scale;  therefore  strain  rates  in  model  and  prototype  would 
differ  by  +he  same  factor  as  the  geometric  scale.  For  the  elastic  case, 
the  situation  might  be  appropriately  expressed  as  E  =  E0  fi  (kie)  and 
l1  =  M-o  *2  (k2e)  *n  case,  exact  modeling  would  require  that  (ki/t0)m 
-  (kj  /t0)p,  <k2/t0)m  =  (k2  /tQ)p,  flrn  =  flp  &nd  f2m  =  ^2p-  For  a  specific 
example,  if  a  simple  linear  relationship  E  =  Ec  kl  e  would  hold,  then  if 
tor  =  i/5,  the  model  material  strain- rate  sensitivity  k]m  would  have  to 
be  1/5  that  of  the  prototype  material  strain-rate  sensitivity  kjp.  From 
this  it  is  also  seen  that  there  exists  the  possibility  of  exact  modeling  of 
strain- rate  effects  if  model  materials  with  appropriate  sets  of  properties 
can  be  cither  selected  or  formulated. 

Next,  let  us  consider  the  extension  of  the  proposed  modeling  tech¬ 
niques  into  the  inelastic  material  behavioral  range.  In  general  terms,  the 
material  behavior  might  be  described  by  a  function  relating  stresses, 
strains,  strain  history,  temperature,  and  time.  The  complexities  of  any 
attempt  at  such  a  general  definition  sc-em  rather  overwhelming  at  this 
stage,  however,  and  it  is  believed  that  the  only  acceptable  course  of  ac¬ 
tion  is  to  assume  greatly  simplified  models  for  the  particular  problem  or 
class  of  problems  con»«  mplafed  For  the  present  class  of  problems, 
namely  the  dynamic  response  of  engineering-type  structures,  we  will 
restrict  consideration  to  materials  with  constitutive  relationships  ade¬ 
quacy  expressed  by  an  equation  of  the  form 

S/E  =  f(e,  V,-)  (2) 

In  this  case,  exac*  modeling  would  require  fm  =  fp  and  (k./t0)m  ~  (k/to)p, 
as  well  as  appropriate  equality  of  the  other  nondimensional  parameters 
described  previously,  between  model  and  prototype  situations  To  see 
what  these  requirements  might  mean  in  a  practical  problem,  let  us  ex¬ 
amine  the  requirements  associated  with  modeling  of  simple  uniaxial 
tensile  stress  situat  ions  If  the  mate  rial  tensile  stress  ./strain  curve 


For  example,  compression  properties  of  aluminum  6061-T6 
vary  less  than  5%  at  strain  rates  of  2.0  x  10*2  in/in/min  and 
1  0  x  10^  in/in/min. 
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obtained  at  a  certain  constant  strain  rate  is  as  shown  in  Figure  1,  one 
possible  approximation  of  f  would  be  in  terms  of  the  initial  slope  E0,  the 
yield  stress  Yo,  and  the  post-yield  slope  Po  of  the  curve  as  shown  in 
Figure  1.  Further,  if  testing  at  other  strain  rates  indicates  relations  of 
the  common  form  E  =  E0  log  kie,  Y  =  Y0  log  k2e  and  P  =  P0  log  k3e, 
then  the  material  behavior  can  be  described  in  terms  of  the  six  parame¬ 
ters  E0,  Y0,  P0,  ki,  k2,  k3.  In  this  case,  a  model  material  would  be 
required  to  have  properties  strch  that  the  ratios  Y0/E0,  P0/E0,  kl  /k2 
and  kj/kj  would  be  the  same  as  in  the  prototype  material.  Of  course, 
one  of  the  strength  and  one  of  the  rate  parameters,  say  E0  and  kj,  would 
have  to  have  values  compatible  with  equality  of  the  other  previously 
described  nondimensional  parameters. 

In  the  general  case,  where  more  complex  stress  and  strain  states 
exist,  a  very  significant  problem  arises  in  defining  and  carrying  out  the 
experiments  necessary  to  obtain  an  adequate  description  of  the  material 
properties.  It  is,  of  course,  not  feasible  to  make  a  complete  determina¬ 
tion  of  the  material  constitutive  behavior  and  therefore  it  is  believed 
necessary  to  examine  carefully  the  anticipated  model  system  behavior 
and  to  suggest  appropriate  tests  accordingly.  For  example,  if  the  model 
material  deformation  is  expected  to  be  primarily  of  a  bending  nature, 
then  it  would  likely  be  appropriate  to  utilize  simple  bending  tests  to  define 
the  material  properties.  If,  on  the  other  hand,  a  combined  stress  situa¬ 
tion  is  anticipated,  then  it  may  be  necessary  to  define  material  proper¬ 
ties  using  combined  stress  tests. 

Perhaps  the  most  difficult  problem  associated  with  modeling  uti¬ 
lizing  dissimilar  materials  is  the  selection  or  formulation  of  model  mate¬ 
rials  with  appropriate  combinations  of  properties.  This  problem  is  ag¬ 
gravated  when  several  materials  must  be  considered  simultaneously,  for 
in  that  case  not  only  must  the  properties  of  each  material  have  the  proper 
relation  to  one  another  but  they  munt  also  have  the  appropriate  relation 
to  the  properties  of  other  materials.  Nevertheless,  the  potential  of  this 
approach  is  believed  high. 


EXPERIMENTAL  INVESTIGATION 

In  order  to  obtain  some  better  feeling  for  the  potential  of  the  dis¬ 
similar  model  material  concepts  presented  and  of  the  problems  to  be 
encountered  in  their  use,  a  limited  number  of  simple  experiments  were 
conducted.  The  prototype  situation  chosen  for  modeling  involved  the 
response  of  simply  supported  rectangular  beams  and  plates  of  aluminum 
6061-T6  subjected  to  normal  impulsive  loading  produced  by  sheet  high 
explosives  in  contact  with  the  surface.  #  The  model  test  situation  selected 


These  prototype  tests  were  made  at.  Stanford  Research  Institute 
and  reported  in  AFSWC  TDR  62-94,  Vol.  1. 
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involved  impulsive  loading,  at  considerably  reduced  pressures  and  longer 
times,  as  produced  by  a  shock  wave  in  air.  In  view  of  this  contemplated 
modeling  situation,  a  model  material  was  sought  having  low  strength  and 
high  density.  The  low  strength  would  allow  testing  at  significantly  reduced 
pressure  and  impulse  levels  while  the  combination  of  low  strength  and 
high  density  would  provide  for  relatively  long  model  characteristic  times 
and  thus  allow  longer  impulse  times. 

Since  primarily  bending  deformation  was  contemplated,  a  simple 
bending  test  definition  of  the  properties  of  the  prototype  aluminum  6061- 
T6  beams  was  chosen.  A  simple  approximate  characterization  of  the 
stress /strain  behavior,  consisting  of  two  straight  lines,  as  defined  in 
Figure  2  and  discussed  previously,  was  then  made.  The  bending  behavior 
of  the  prototype  material  was  considered  characterized  by  the  values 
E0  =  1. 03  x  10?  psi,  Yo  =  6.  50  x  104  psi  and  PD  =  2.  14  x  106  psi.  A 
model  material  was  then  sought  which  would  have  a  significantly  lower 
strength  but  would  have  bending  properties  with  the  same  nondimensional 
ratios  E0/Y0  =  159  and  Eo/Po  =  4.  82  as  the  aluminum. 

An  evaluation  of  the  properties  of  a  large  number  of  available 
plastics  was  then  made.  The  results  of  this  study  indicated  that  a  wide 
range  of  properties  and  of  combinations  of  properties  could  be  obtained, 
but  that  in  general  the  ratio  E0/Yo  was  far  lower  than  the  desired  value, 
usually  in  the  order  of  25  to  35.  Next,  a  search  was  made  to  determine 
the  properties  of  the  common  dense  metals  Generally  speaking,  the 
more  common  dense  metals  in  their  relatively  pure  forms  had  E0/Y0 
ratios  much  higher  than  the  desired  figure,  the  ratio  for  lead,  for  example, 
being  approximately  2000.  Also,  these  metals  had  mechanical  properties 
in  the  same  order  as  the  aluminum  properties  and  thus  were  significantly 
stronger  than  desired 

In  view  of  the  fact  that  the  ratio  E0/Y0  was  generally  too  small 
for  the  plastics  and  too  large  for  the  metals,  an  approach  of  attempting 
to  combine  metals  and  plastics  was  chosen  with  the  hope  of  achieving  the 
proper  ratio  at  some  appropriate  combination  of  materials.  Since  practi¬ 
cally  no  experimental  results~or  other  information  could  be  found  on  the 
mechanical  properties  of  metal  /plastic  combinations,  an  experimental 
material  development  program  was  initiated  After  some  exploratory 
work  utilizing  various  metal  powders  and  plastics  formulated  with  various 
plasticizing  agents,  curing  agents,  solvents,  etc.  ,  a  combination  of  com¬ 
mercially  pure  lead  powder  and  epoxy  plastic  was  chosen.  After  further 
development  work,  the  final  model  material  used  was  a  14  to  1  by  weight 
combination  of  100-200  mesh  standard  grade  lead  powder  and  plasticized 
Epon  828  * 


See  AFSWC  TDR  63-;,  "Similitude  Studies  of  Re-Entry  Vehicle 
Response  to  Impulsive  Loading"(TJ),  Voi.  I  unclassified,  Vol  11 
Secret,  for  a  complete  description  of  this  and  related  work. 
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The  properties  of  the  model  material  were  determined  using  the 
same  bending  test  technique  as  was  described  for  the  aluminum  6061- T6. 
The  mechanical  properties  resulting,  together  with  the  properties  of  the 
aluminum  prototype  material,  are  shown  as  follows. 


6061  T-6 
Aluminum 


Beam 

Model  Material 


Plate 

Model  Material 


p  (lb  sec2  in'4) 
E0  (lb  in "2) 

Y o  (lb  in-2) 

Po  (lb  in" 2) 

E0/Y0 

Eo/P0 

Pq/Yq 


2. 53  x  10*4 
1  . 03  x  107 
6. 5  x  104 
2. 14  x  106 
159 
4.  82 
33 


0.  596  x  10~3 
1. 79  x  105 
6 . 6  x  1 02 
4.47  x  104 
253 
4.  83 
56 


0  596  x  10"3 

1. 19  x  105 
6.  1  x  102 

3. 20  x  104 
195 

3.  70 
52 


The  Stanford  Research  Institute  prototype  tests  were  made  on 
simply  supported  beams  of  depth  1/4",  width  1",  and  span  18"  and  on 
simply  supported  circular  plates  with  diameter  8"  and  depth  1/4".  The 
Southwest  Research  Institute  models  were  made  to  one-half  geometric 
scale,  resulting  in  beams  of  1/8"  depth,  1/2"  width  and  9"  span  and 
plates  of  4"  diameter  and  1/8"  depth,  and  were  made  of  the  lead/plastic 
material  described  previously.  The  impulsive  loading  was  applied  to  the 
models  through  the  interaction  with  the  shock  wave  in  air  produced  by  a 
simple  shock  tube.  Since  the  prototype  loading  was  on  one  surface  only, 
the  models  were  appropriately  shielded  so  that  only  normal  surface  load¬ 
ing  was  involved  In  these  model  tests,  a  photographic  record  was  made 
of  the  oscilloscope  trace  repre  senting  the  impulsive  load.  This  trace 
was  obtained  from  Kistlcr  701  quartz  pressure  pickups  feeding  into  Kistler 
655  amplifier. s-calibrators.  Atypical  pressure- time  picture  is  shown  in 
Figure  3  After  each  test,  the  permanent  deformation  of  the  center  of  the 
plate  or  beam  was  measured,  using  a  micrometer,  from  a  reference 
point  on  the  support  fixture. 

Before  direct  comparison  of  results  could  be  made,  it  was  neces¬ 
sary  to  make  corrections  for  the  dynamic  properties  of  the  model  mate¬ 
rial,  which  were  quite  strain -rate  sensitive,  and  for  the  impulse  duration 
for  the  model  plates  where  the  response  time  was  not  sufficiently  high  as 
compared  with  the  impulse  duration  to  allow  treatment  of  the  loading  as 
an  idealized  initial  impulse.  For  the  model  materials,  dynamic  com¬ 
pression  properties  were  measured  using  a  modified  Hopkinson  pressure 
bar  facility  and  an  appropriate  dynamic  strength  v/as  obtained  by  inter 
potation  between  these  results  and  quasi-static  compression  results. 
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For  this  interpolation,  a  constitutive  relationship  of  the  form  S  =  SD  log 
ke  was  used.  The  strain  rates  used  were  based  on  the  maximum  strains 
occurring  and  the  periods  of  elastic  oscillation  of  the  beams  and  plates  in 
appropriate  modes.  Since  relatively  small  deviations  from  elastic  behavior 
occurred,  this  seemed  a  reasonable  approach. 

The  correction  for  impulse  time  duration  for  the  plate  results  was 
based  on  the  maximum  deflection  occurring  in  a  simple  oscillator  due  to 
a  triangularly  shaped  impulse,  as  shown  in  Figure  4,  of  constant  magni¬ 
tude  with  various  ratios  of  impulse  duration  to  oscillator  period. 

Since  in  most  of  these  tests  the  impulse  duration  was  much  shorter 
than  the  response  time  of  the  structure,  it  was  deemed  satisfactory  to 
consider  only  tot  impulse  and  to  neglect  the  shape  of  the  pulse.  Under 
this  assumption,  the  exact  pres  sure -time  history  of  the  loading  would  not 
be  included  but  would  be  replaced  by  the  initial  impulse  1.  Under  these 
circumstances,  the  response  parameter  d/1  should  be  equal  in  model  and 
prototype  tests  if  the  nondimensional  impulse  parameter  1/ -J  pEl^  and  the 
other  previously  mentioned  parameters  are  maintained  equal  in  the  model 
and  prototype  situations. 

The  results  of  the  beam  and  plate  experiments,  with  appropriate 
corrections  made  for  material  properties  and  impulse  durations  as  dis¬ 
cussed  previously,  are  shown  in  Figures  5  and  6.  In  these  plots,  the 
characteristic  lengths  1  used  are  the  plate  radius  and  one-half  the  beam 
span. 


The  results  presented  for  beams  indicate  that  the  threshold  im¬ 
pulse  for  permanent  deformation  of  the  beams  was  quite  accurately  pre¬ 
dicted,  but  that  the  results  of  the  two  situations  diverged  significantly  at 
larger  permanent  deformations.  This  divergence  is  believed  attributable 
to  several  factors.  First,  the  model  material  property  description  used 
was  meaningful  only  for  strains  relatively  close  to  elastic  behavior. 
Second,  the  average  value  of  strain-rate  sensitivity  used  might  be  off 
significantly  for  large  strains.  Also,  the  influence  of  strain  rate  was 
not  the  same  for  the  various  different  material  properties  and  thus  the 
actual  nondimensional  shape  of  the  stress  /strain  curve  might  be  signifi¬ 
cantly  altered  under  dynamic  conditions. 

Unfortunately,  the  experimental  facility  used  in  the  model  tests 
was  not  capable  of  producing  impulses  which  were  both  sufficiently  short 
in  time  and  large  in  magnitude  to  allow  larger  deformations  of  r.he  plates. 
In  light  of  this  situation,  it  is  believed  that  no  conclusions,  other  than  that 
the  results  are  not  unreasonable,  are  considered  justified  from  the  plate 
tests.  It  should  be  mentioned  also  that  the  primary  emphasis  in  the 
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modeling  effort  concerned  bending  properties  and  that  since  the  plate 
deformations  would  involve  multi-dimensional  stress  effects,  the  model¬ 
ing  of  the  plate  response  was  not  expected  to  be  as  satisfactory  as  that 
for  the  beams.  Another  factor,  of  course,  is  that  the  correction  made 
for  long  impulse  time  duration  may  not  be  accurate. 

CONCLUDING  REMARKS 

It  is  hoped  that  this  presentation  has  clearly  demonstrated  the 
potential  of  dynamic  structural  modeling  using  dissimilar  materials  and 
has  pointed  out  a  number  of  the  associated  problems.  While  the  experi¬ 
mental  work  accomplished  thus  far  has  been  relatively  crude  and  cannot 
be  considered  conclusive,  the  model  test  results  presented  here  do  show 
good  qualitative  agreement  and  reasonably  good  quantitative  agreement 
with  the  prototype  results.  In  view  of  the  very  significant  alteration  in 
material  properties  and  in  model  test  conditions,  these  results  are  con 
sidered  quite  encouraging.  Although  many  questions  remain  incompletely 
answered,  these  results  are  believed  to  demonstrate  the  feasibility  and 
promise  of  the  use  of  dissimilar  materials  for  modeling  dynamic  struc¬ 
tural  response. 
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A  STUDY  OF  THERMAL  SCALE  MODELING  TECHNIQUES 


J,M,F.  Vickers 


ABSTRACT 

The  techniques  which  may  be  evolved  from  the  basic  laws  of  thermal 
scale  modeling  for  spacecraft  are  described.  All  but  two  of  these  techniques 
can  be  rejected  at  once,  since  they  require  conditions  which  are  very  diffi¬ 
cult  to  fulfill  in  practice.  A  comparison  is  drawn  between  the  two  remaining 
techniques,  the  technique  of  preserving  temperature  from  prototype  to  model 
and  of  preserving  materials  from  prototype  to  model.  It  is  found  that,  for 
steady  state  conditions,  the  technique  of  preserving  temperature  has  inherent 
advantages  over  that  of  preserving  materials,  but  that  when  transient  condi¬ 
tions  are  to  be  modeled  much  of  this  advantage  is  lost. 
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The  physical  size  of  spacecraft  is  steadily  increasing  and  is  likely  to 
increase  futher  as  larger  boosters  become  available.  This  leads  to  a 
demand  for  an  increase  in  the  size  of  thermal  test  facilities.  The  prime  cost 
for  such  facilities,  including  some  form  of  solar  simulation,  will  be  consid¬ 
erably  greater  than  for  those  presently  in  use.  The  difficulty  and  cost  of 
operation  will  also  be  much  greater.  The  type  of  solar  simulation  in  the  test 
chamber  is  of  extreme  importance,  since  the  surface  coatings  are  very  sen¬ 
sitive  to  the  spectrum  of  the  light  striking  the  surface.  At  present,  the  sim¬ 
ulation  system  which  apparently  gives  the  best  approximation  to  the  Johnson 
curve  for  the  spectral  energy  distribution  of  sunlight  in  space  is  given  by 
carbon  arcs  with  rare  earth  cores  in  the  rods  (Ref.  1).  Such  systems, 
however,  are  limited  to  areas  of  good  collimation  of  about  three  feet  in 
diameter. 

For  these  reasons  it  appears  that  thermal  scale  modeling  will  be  an 
attractive  technique  when  it  can  be  developed  into  a  working  method.  The 
use  of  reduced  scale  models  will  extend  the  useful  life  of  test  chambers 
already  built,  and  will  also  enable  the  testing  of  still  smaller  scale  models 
in  conditions  closely  approximating  actual  sunlight  if  they  can  be  reduced  to 
less  than  three  feet  in  diameter. 

The  basic  laws  of  thermal  scale  modeling  are  well  established,  but 
experimental  difficulties  exist  in  their  practical  implementation.  The  pur¬ 
pose  of  this  paper  is  to  examine  how  the  basic  laws  should  be  applied  and 
what  inherent  advantages  exist  with  any  particular  modeling  basis.  It  will  be 
shown  that  the  steady  state  conditions  (existing  in  interplanetary  flight)  have 
to  hi'  considered  separately  from  the  transient  conditions  (present  during 
planetary  encounter  or  midcoursc  maneuvers).  There  appears  to  exist  a 
clear  cut  case  for  using  a  technique  which  preserves  temperature  from 
model  to  prototype  in  the  steady  state  condition.  The  choice  of  the  technique 
to  be  used  in  the  transient  case  is  not  so  clear,  but  certain  recommendations 
are  made. 


DIMENSIONLESS  GROUPS 

The  basic  dimensionless  groups  for  thermal  scale  modeling  in  a  high 
vacuum,  where  the  only  heat  transfer  mechanisms  are  conduction  and  radia¬ 
tion,  may  be  derived  either  from  the  differential  equations  or  from  consider* 
ation  of  the  physical  parameters  involved.  They  have  been  stated  by  Clark 
(Ref.  2),  Clark  and  Laband  (Ref.  3)  and  Katz  (Ref.  4),  and  may  be  conveni¬ 
ently  written  in  the  form  used  by  the  present  author  (Ref.  5)  as  follows: 


101 


Preceding  page  blank 


Where 


(9) 


F..  e.  oTf 

3'  3  J- 

A. 

1 


A. 


and 


_1_ 

A. 

J 


cos  6.  cos  4.  dA.  dA. 
yJ  1  J 

2 


nr 


(10) 


according  to  Jakob  (Ref.  6;. 

Equation  (1),  which  may  be  considered  an  analog  of  the  Biot  modulus, 
may  be  used  to  relate  the  temperatures,  surface  emissivities  and  thermal 
conductivities  to  the  scaling  ratio,  Lj^/Lp  or  R.  Similarly,  Eq.  (2)  relates 
the  joint  conductances  to  the  thermal  conductivities  and  R.  Equation  (3), 
which  is  the  Fourier  modulus,  can  be  used  to  relate  the  time  to  the  thermal 
diffusivities  and  R.  Equations  (4),  (5),  and  (6)  can  relate  the  net  heat  input, 
the  heat  flux,  and  the  heat  generated  per  unit  volume  to  temperatures, 
thermal  conductivities  and  R.  Finally,  Eqs.  (7)  and  (8)  can  be  used  to  relate 
the  heat  flux  absorbed  at  a  surface  from  outside  sources  and  that  absorbed 
from  other  portions  of  the  spacecraft  to  temperatures ,  thermal  conductivities 
and  R.  From  this  set  of  equations  the  basic  modeling  laws  must  now  be 
deduced. 

At  first  sight  it  would  appear  that  within  the  restrictions  imposed  by 
the  groupings  above,  a  complete  freedom  of  choice  should  exist  in  deciding 
the  modeling  laws  to  be  followed.  Kata  (Ref.  4)  briefly  mentions  some  of  the 
problems  associated  with  two  techniques,  but  makes  no  attempt  to  recommend 
either,  while  Clark  (Ref.  2)  and  Clark  and  Laband  (Ref.  3)  consider  only  one 
method  of  attack  on  the  problem.  It  is  felt  that  these  papers  present  only  a 
limited  discussion  of  the  problems  associated  with  thermal  scale  modeling. 

In  the  present  paper,  a  more  complete  discussion  is  presented,  together  with 
recommendations  on  various  modeling  techniques. 

TECHNIQUES  AVAILABLE 

Many  modeling  techniques  in  other  areas  use  distorted  scaling  systems 
in  which  the  scale  ratio  in  one  direction  differs  from  that  used  in  the  other 
two.  This  is  opposed  to  a  geometric  scale  modeling  system  where  dimen¬ 
sions  along  all  three  axes  are  reduced  by  the  same  factor.  However,  in  all 
problems  involving  thermal  radiation,  it  is  immediately  apparent  that  geo¬ 
metric  scaling  is  vital  to  success  since  if  this  rule  is  not  followed,  the 
thermal  radiation  configuration  factor,  Fj{,  from  surface  i  to  surface-  j  will 
vary  from  model  to  prototype.  While  these  factors  can  be  evaluated  with 
reasonable  accuracy  for  simple  shapes,  it  is  extremely  difficult  even  to 
estimate  their  values  for  the  complex  shapes  involved  with  spacecraft.  When 
the  conditions  of  multiple  reflectances  and  the  variation  of  emissivitv  with 
direction  from  the  normal  are  considered,  the  problem  become-  impossible 
unless  the  geometry  is  preserved.  Under  these  circumstances  it  is  felt  that 
geometric  scaling  of  all  radiating  surfaces  is  essential  to  success. 
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The  two  most  attractive  techniques  at  first  glance  are:  (1)  setting  the 
temperatures  of  the  model  and  prototype  the  same  and,  (2)  using  the  same 
materials  for  both  the  model  and  the  prototype.  With  both  of  these  tech¬ 
niques  the  surface  emissivity  would  be  identical  for  model  and  prototype. 

This  comparison  has  been  summarized  by  the  author  (Ref.  5)  and  the  results 
are  shown  in  Table  1. 

An  initial  comparison  may  be  drawn  between  the  two  techniques. 
Examination  of  Eqs.  (5a),  (7a),  and  (8a)  shows  that  technique  1  involves  pre¬ 
serving  the  heat  flux  from  model  to  prototype.  This,  together  with  the  fact 
that  the  thermal  gradient  is  greater  in  the  model  due  to  the  temperature 
preservation  and  the  reduced  geometric  scale,  accounts  for  Eq.  (la).  This 
in  turn  indicates  that  lower  conductivity  materials  must  be  used  for  the 
model.  If  the  exact  scale  size  is  fixed  by  Che  test  chamber  and  the  prototype 
sizes,  the  thermal  conductivities  of  all  portions  of  the  model  are  determined 
from  the  ratio  and  the  thermal  conductivities  of  the  prototype  materials.  It 
is  more  likely,  however,  that  the  exact  scale  will  be  decided  from  the  ratio 
of  the  thermal  conductivity  of  the  material  occurring  most  often  in  the  proto¬ 
type  to  that  of  the  most  convenient  modeling  material  which  will  give  approx¬ 
imately  the  desired  scale.  This  will  then  determine  the  exact  conductivity 
ratio  to  be  used  in  choosing  all  the  other  modeling  materials.  Katzoff 
(Ref.  7)  suggested  one  method  in  which  it  is  possible  to  produce  any  required 
thermal  conductivity  by  cutting  grooves  or  slots  in  the  material  (though 
extreme  care  must  be  taken  to  avoid  affecting  the  surface  properties  of  the 
material).  Another  method  is  to  choose  a  modeling  material  with  a  thermal 
conductivity  below  that  called  for  in  the  model,  and  then  plate  the  surface 
with  copper  or  silver.  A  very  thin  coat,  a  few  ten-thousandths  of  an  inch 
thick,  will  considerably  modify  the  effective  thermal  conductivity  without 
seriously  affecting  the  geometric  shape,  and  also  without  introducing  any 
major  modification  of  the  surface  geometry.  A  final  plate  or  coat  of  paint 
will  provide  the  correct  surface  properties. 

Both  of  these  methods  may  lead  to  considerable  technical  problems.  It 
appears,  therefore,  that  the  material  used  most  commonly  in  the  prototype 
should  be  modeled  with  an  available  material  rather  than  a  manufactured  one. 
The  combination  of  flux  preservation  and  temperature  preservation  accounts 
for  Eq.  (2a),  which  indicates  that  the  thermal  contact  conductance  or  joint 
conductance  must  be  preserved  from  model  to  prototype.  Examination  of 
Eq.  (5b)  shows  that  in  technique  2  the  heat  flux,  and,  as  a  consequence,  the 
temperature  gradients  within  the  structure  vary  as  This  means 

that  both  the  heat  fluxes  and  the  temperature  gradients  increase  rapidly  as 
the  model  size  is  reduced.  Equati  n  (lb)  shows  that  the  absolute  tempera¬ 
tures  within  the  model  vary  as  (l/R'1/3,  and  will  increase  also  as  the  model 
size  is  reduced.  Equation  (2b)  indicates  that  the  joint  conductances  vary  as 
(1/R),  and  must  therefore  increase  as  the  size  of  the  model  is  reduced. 

STEADY  STATE 

TECHNIQUE  1  (TEMPERATURE  PRESERVE.  ON) 

This  first  technique  has  an  immediate  advantage,  since  the  critical 
item  in  spacecraft  temperature  control  is  the  actual  temperature  involved. 
The  maximum  or  minimum  temperature  to  which  a  component  is  exposed  is 


Table  1.  Comparison  of  emissivities  for  model  and  prototype 
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Temperature  and  surface  emissivi- 
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the  most  important  criterion  in  deciding  its  performance  and  life  so  far  as 
pure  thermal  behavior  is  concerned. 

Certain  inherent  experimental  difficulties  exist  with  this  technique, 
most  of  them  associated  with  the  variation  of  thermal  properties  with  tem¬ 
perature,  The  values  of  the  conductivity  ratio  between  model  and  prototype 
for  certain  materials  modeling  other  materials  are  shown  in  Fig.  1,  over 
the  temperature  range  32°  F  to  572°  F.  In  the  range  32°  F  to  200°  F,  the 
normal  range  of  temperatures  for  the  major  electronic  components,  fuels 
and  batteries  in  spacecraft,  the  variation  in  the  conductivity  ratios  for 
aluminum  modeling  copper  is  about  4%;  for  nickel  modeling  aluminum,  about 
7%;  and  for  nickel  modeling  copper,  about  2%,  While  these  materials  are 
not  representative  of  those  normally  used  in  spacecraft,  the  actual  values  of 
their  thermal  conductivity  and  the  variation  of  their  thermal  conductivity  with 
temperature  cover  the  range  of  values  which  exists  for  actual  spacecraft 
materials.  It  should  be  noted,  further,  that  the  upper  curve  will  give  about 
1/2  scale  modeling  at  70°  F,  the  middle  curve  will  give  about  1/3  scale,  and 
the  lower  curve  about  1/6  scale. 

The  variation  in  Fig.  1  shows  that  neither  the  set  of  Eqs.  (la)  through 
(8a)  nor  the  set  of  Eqs.  (1)  through  (8)  will  actually  hold,  since  the  assump¬ 
tion  of  constant  thermal  properties  with  temperature  is  inherent  to  their 
derivation.  It  will  be  shown  later,  however,  that  this  variation  is  not  serious 
and  the  effect  on  model  temperatures  is  small  in  the  range  of  temperatures 
normally  encountered  in  spacecraft. 

The  effect  of  the  variation  of  thermal  properties  will  be  ignored  and 
Eqs.  (7a)  and  (8a)  will  be  considered.  Taking  Eq.  (8a),  if  temperature  is 
preserved  from  model  to  prototype,  emissivity  is  preserved,  and  geometric 
scaling  is  used,  then  it  is  possible  to  write  Fjjm  =  Fjip  and  $jim  -  $jip-  This 
means  that  aijm  =  CXijp»  or  both  the  long  wave  length  absorptivity  and  the 
emissivity  are  preserved  from  model  to  prototype.  Equation  (7a)  must  be 
treated  for  two  separate  cases;  first,  where  true  solar  simulation  is  available 
and  second  the  case,  obtained  in  practice  with  all  chambers,  where  either  the 
solar  intensity  or  the  solar  spectrum  or  both  of  these  are  not  available  in  the 
chamber.  For  the  first  case  Eq,  (7a)  reduces  to  asm  =  Ctsp>  that  is  the  com¬ 
plete  surface  properties  are  preserved  from  model  to  prototype.  For  the 
second  case,  Eq.  (7a)  indicates  that  asm/aSp  =  Sm/Sp,  that  is  that  the  short 
wavelength  absorptivities  must  be  scaled  in  relation  to  the  change  in  light 
intensity  and  wavelength/energy  distribution.  At  the  same  time  the  long 
wave  length  absorptivity  and  the  emissivity  must  be  preserved  from  model 
to  prototype. 

Since  the  spectral  distribution  of  monochromatic  emissive  power  for 
ideal  radiators  is  a  direct  function  of  the  temperature  of  the  source,  it  is 
possible  that  the  conditions  imposed  by  the  equation  relating  the  short  wave 
length  absorptivities  can  be  satisfied.  The  maximum  in  the  curve  for  sun¬ 
light  occurs  at  a  wavelength  of  about  0,  5|i ,  while  that  for  a  black  body  below 
1000°  F  lies  beyond  3.  5M- .  If  one  had  available  a  solar  simulation  source  for 
a  test  chamber  behaving  approximately  like  a  black  body  above  10,  000°  F, 
then  the  peak  will  lie  at  about  1U.  Under  these  circumstances  it  seems  that 
suitable  surface  coatings  con  be  found  to  satisfy  the  model  requirements, 
that  is  identical  long  wave  length  absorptivities  and  emissivities  in  model 
and  prototype  with  scaled  short  wavelength  absorptivities. 
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This  point  was  not  considered  by  Clark  and  Laband  (Ref,  3),  since 
they  assumed  the  use  of  a  source  whose  spectrum  closely  approximates  that 
of  the  sun.  They  assume,  in  effect,  that  they  have  true  solar  simulation, 
and  can  therefore  use  emissivities  and  absorpti/ities  throughout  their  model 
which  are  identical  to  those  of  their  prototype.  However,  when  other  sources 
are  considered,  the  spectral  behavior  of  these  lamps  is  sufficiently  different 
from  that  of  the  sun  that  the  scaling  of  the  absorptivities  can  no  longer  be 
ignored  unless  the  surfaces  of  the  prototype  approximate  grey  body  behavior, 

TECHNIQUE  2  (MATERIALS  PRESERVATION) 


As  already  pointed  out  with  the  modeling  technique  involved  in  using  the 
same  materials  for  model  and  prototype,  the  absolute  temperatures  in  the 
model  will  be  equal  to  the  product  of  the  absolute  temperatures  of  the  proto¬ 
type  for  the  corresponding  point  and  the  inverse  of  the  scale  ratio  raised  to 
the  one  third  power  according  to  Eq.  (lb).  This  means  that  a  reduced  scale 
model  will  have  temperatures  that  are  higher  than  those  of  the  prototype. 


From  Eq.  (lb)  it  can  be  calculated  that  the  model  temperatures  cor¬ 
responding  to  70° F  in  the  prototype  for  scales  of  1/2,  1/4,  1/6,  1/8  and  1/10 
are  respectively,  207°F,  382°F,  503°F,  600°  F  and  682°  F.  These  values, 
together  with  the  ratios  of  the  thermal  conductivity  at  the  corresponding 
temperature  to  the  thermal  conductivity  at  70°  F  are  shown  in  Figure  2.  When 
these  results  are  considered,  it  is  immediately  obvious  that  the  thermal  con- 
ductivif  i'.  rot  constant  for  the  material,  and  that  for  aluminum  and  nickel 
the  erri^  increases  rapidly  as  the  model  decreases  in  physical  size.  At 
1/10  scale,  this  error  is  approximately  20%  and  12%  respectively.  This 
means  that,  as  with  technique  1,  neither  the  special  Eqs.  (lb)  through  (8b) 
nor  the  general  Eqs.  (1)  through  (8)  will  apply.  The  corresponding  temper¬ 
atures  and  the  errors  in  thermal  conductivity  ratio  assuming  that  the  thermal 
conductivity  is  constant  are  shown  in  Table  2.  It  will  be  noted  that  the  per¬ 
centage  error  for  aluminum  in  the  prototype  is  -0.  2  at  32°  F  and  1.2  at  200°  F, 
giving  a  range  of  percentage  error  of  1.  4,  while  the  range  for  a  1/10  scale 
model  of  aluminum  for  the  corresponding  temperatures  is  from  14.  8  to 
33.  5,  or  a  range  of  error  of  18.  7.  On  the  other  hand  for  a  copper  prototype 
and  model,  the  range  decreases  from  5.8  in  the  prototype  to  1.9  in  the  1/10 
scale  model  and  for  nickel  from  5.  3  in  the  prototype  to  3.  4  in  the  model. 

The  percentage  error  is  based  on  the  thermal  conductivity  at  70°  F  for  the 
prototype  and  for  the  model  on  the  thermal  conductivity  at  the  model  temper¬ 
ature  equivalent  to  70®  F  in  the  prototype.  It  will  be  demonstrated  later  that 
the  effect  of  this  variation  of  thermal  conductivity  is  far  more  serious  with 
this  technique  than  it  was  with  technique  1. 


Even  if  the  change  of  properties  with  temperature  is  neglected,  which 
may  be  legitimate  for  the  half  scale  model  where  the  errors  in  assuming 
km  =  k„  are  small  (Table  2),  the  use  of  Eqs.  (7b)  and  (8b)  present  difficulties. 
When  the  values  of  from  Eq.  (9)  are  substituted  in  Eq.  (8b)  this  reduces, 
as  with  technique  1,  to  a.ijm/aijp  =  1.  However,  from  Eq.  (7b),  with  true 
solar  simulation,  the  short  wavelength  absorptivity  must  be  scaled  according 
to 


sm 


a 


sp 


4/3 


107 


(ID 


-v-VV-. 


Table  2.  Temperatures  and  errors  m  thermal  conductivity  rati 


This  means  that  the  emissivity  and  the  low  temperature  absorptivity  must  be 
preserved  from  model  to  prototype,  while  the  high  temperature  absorptivity 
must  be  scaled.  This  is  the  same  problem  as  that  encountered  with  technique 
1  without  true  solar  simulation.  If,  on  the  other  hand,  true  solar  simulation 
is  not  available,  then  Eq.  (7b)  must  be  used,  with  the  correct  values  of 
Sm/S_.  Again,  the  same  situation  arises.  The  high  temperature  absorptivity 
must  *be  scaled  (though  differently  than  for  the  case  of  true  solar  simulation), 
while  the  low  temperature  absorptivity  and  the  emissivity  must  be  retained. 
Regardless  of  whether  or  not  true  solar  simulation  is  available,  an  extensive 
search  must  be  made  for  surfaces  with  the  correct  properties. 

In  summary,  technique  1  involves  a  search  for  materials  for  the  model 
which  have  the  correct  thermal  conductivities,  or  the  manufacture  of  mate¬ 
rials  with  such  conductivities,  but  with  the  temperatures  of  the  model  the 
same  as  those  of  the  prototype.  If  true  solar  simulation  is  available,  the 
complete  surface  treatment  of  the  model  will  be  identical  to  that  of  the  proto¬ 
type;  if  solar  simulation  which  does  not  correspond  to  the  solar  spectrum 
either  in  intensity  or  in  spectral  energy  distribution  or  both  is  the  only  type 
available,  then  the  short  wave  length  absorptivities  of  the  model  must  be 
scaled  from  those  of  the  prototype.  In  technique  2  the  identical  materials 
are  used  in  model  and  prototvpe,  but  the  temperatures  of  the  model  are 
scaled  f.-om  ‘hose  of  the  prototype.  In  the  case  of  small-scale  models,  this 
leads  tc  a  considerable  increase  in  temperature  for  the  model.  The  short 
wave  length  absorptivities  of  the  model  must  be  scaled  from  those  of  the 
prototype  regardl'ss  of  whether  or  not  true  solar  simulation  is  available. 
Under  all  c'rcumstances,  for  both  techniques,  the  emissivities  and  long  wave 
leng.h  absorptivities  of  ‘he  model  and  prototype  are  identical. 

OTHER  TECHNIQUES 

Considering  the  number  of  basic  parameters  and  equations  which  are 
available  it  seems  that  there  should  be  many  modeling  techniques  that  could 
be  used.  However,  more  deta  iled  analysis  reveals  that  this  is  not  so. 

If  the  surface  treatment  is  assumed  constant,  that  is  the  emissivities 
and  absorpti/ities  are  retained  (.ecbnique  3),  then  for  true  solar  simulation 
this  reduces  to  techniaue  1.  Without  true  solar  simulation  the  equations 
become  Eqs.  (lc)  through  (8c),  Table  3.  This  is  potentially  a  useful  system, 
since  if  Sm/Sp  is  le~s  than  1,  which  can  always  be  arranged,  then  Tm  is  less 
than  Tp.  ihis  would  have  many  advantages  over  technique  2  where  Tm  was 
greater  than  Tp  with  many  inheren.  experimental  problems. 

Tne  following  systems  wili  not  be  listed  as  techniques  since  a  single 
group  eliminates  them  from  practical  use  in  each  case. 

System  1.  V  the  absoi  privities  as  well  as  the  materials  are  fixed,  it  is 
possible  to  obtain  the  following  relationship  for  the  emissivities: 
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This  result  cannot  possibly  be  satisfied  since,  for  example,  the  emissivity 
of  a  1/10  scale  model  would  have  to  be  10,  000  times  that  of  the  prototype. 

In  practice,  the  emissivity  range  of  the  present  spacecraft  is  from  0.  04  to 
0.  93,  so  that  any  factor  increasing  or  decreasing  this  range  will  either  lead 
to  a  demand  for  materials  with  emissivities  above  unity,  which  is  impossible 
theoretically,  or  with  emissivities  below  the  lowest  available,  which  might  be 
possible  to  meet  in  principle  but  cannot  be  attained  in  practice. 

System  2.  If  the  variation  of  the  surface  emissivity  of  future  space¬ 
craft  should  happen  to  be  reduced  so  that  the  highest  emissivity  used  is  less 
than  0.  5,  then  it  would  be  possible  to  set  an  upper  limit  for  the  emissivity 
ratio  of  2.  If  this  is  then  assumed,  together  with  the  preservation  of  mate¬ 
rials  and  absorptivities,  then  true  solar  simulation  cannot  be  used  and  the 
required  values  for  the  solar  simulation  are  given  by: 
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For  a  1/10  scale  model  this  gives  a  simulated  intensity  of  over  17  times  that 
of  the  sun,  which  is  excessively  large,  and  a  value  for  the  vicinity  of  Venus 
of  about  30  times.tbat  due  to  the  sun  in  the  vicinity  of  the  Earth.  In  general, 
it  appears  that  any  attempt  to  modify  the  emissivity  of  the  model  is  unlikely 
to  succeed. 
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System  3.  If  the  emissivity  and  q  are  preserved,  then: 
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This  system  appears  to  have  no  advantages  over  techniques  1  and  2;  the 
temperature  is  not  preserved,  the  thermal  conductivity  is  scaled  more 
radically  than  for  technique  1,  and  the  short  wavelength  absorptivity  is  not 
preserved  even  if  good  solar  simulation  is  available. 

From  the  above  discussion,  it  appears  that  only  three  techniques  are 
feasible,  1,  2  and  3.  Technique  3  neither  preserves  temperature  from  pro¬ 
totype  to  model  (though  with  suitable  choice  of  simulation  intensity  the  small 


scale  model  can  run  at  temperatures  lower  than  the  prototype),  nor  does  it 
preserve  materials  from  prototype  to  model.  Technique  3  is  only  an  indi¬ 
vidual  system  when  true  solar  simulation  is  not  available  -  otherwise  it  is 
identical  to  technique  1.  Techniques  1  and  2  will  now  be  examined  in  greater 
detail. 


COMPARISON  OF  TECHNIQUES  1  AND  2 

There  exists  one  basic  requirement  in  thermal  scale  modeling  which 
must  be  met  as  closely  as  possible.  The  model  must  predict  the  tempera¬ 
ture  of  the  prototype  throughout.  This  means  that  the  model  must  predict  the 
heat  flux  through  any  particular  part  of  the  prototype. 

In  order  to  assess  the  two  techniques,  three  simple  mathematical 
models  were  analyzed,  the  prototype  version  of  which  is  shown  in  Figure  3. 
This  prototype  was  chosen  as  the  simplest  geometry  which  would  approximate 
a  spacecraft-type  temperature  control  problem.  It  consists  of  a  source  of 
energy  and  two  heat  paths  of  different  thermal  conductivity  leading  from  the 
heat  source  to  separate  radiating  surfaces  operating  at  different  temperatures. 
The  temperatures  in  the  system  were  fixed  by  the  heat  flow  distribution  and 
the  radiating  characteristics  of  the  surfaces.  Technique  1  was  then  used  to 
design  two  models  at  1/10  scale,  the  assumed  behavior  of  the  thermal  con¬ 
ductivity  with  temperature  being  different  in  the  two  cases.  Technique  2  was 
used  to  design  a  third  model  at  1/10  scale.  By  using  the  results  from  the 
technique  2  model  to  forecast  the  prototype  temperatures,  the  results  from 
all  three  models  could  be  compared. 

The  radiating  surfaces  at  the  ends  of  the  prototype  are  not  shown  in 
Figure  3,  but  they  are  assumed  to  be  16  square  feet  and  20  square  feet  in 
area,  with  emissivities  of  1,  0  and  0.  943  respectively.  All  three  dimensional 
effects  caused  by  the  radiating  surfaces  are  ignored  since  they  are  merely 
considered  a  convenient  rejecting  device.  The  high  input  power  of  1,000 
watts  was  used  deliberately  to  show  the  effects  that  might  appear.  This 
power  was  assumed  to  be  delivered  at  a  plane  source  of  zero  thickness  situ¬ 
ated  at  the  boundary  between  the  aluminum  portion,  or  leg,  of  the  model  on 
the  right  and  the  cast  iron  leg  of  the  model,  on  the  left.  All  other  external 
surfaces  were  considered  adiabatic.  The  cross  sectional  areas  of  the  legs 
were  one  foot^. 

While  the  materials  chosen  are  not  representative  of  those  used  in 
spacecraft,  the  thermal  conductivity  of  aluminum  is  as  high  as,  or  higher 
than,  any  normal  spacecraft  material  with  the  exception  of  the  copper  used 
in  the  cabling.  The  thermal  conductivity  of  cast  iron  is  comparable  to  that 
of  the  lowest  thermal  conductivity  metal  used  on  spacecraft.  In  addition,  the 
thermal  conductivity  of  aluminum  increases  with  increase  in  temperature 
(positive  slope),  while  the  thermal  conductivity  of  cast  iron  decreases  (nega¬ 
tive  slope),  so  that  both  the  conditions  of  thermal  conductivity  range  and  of 
thermal  conductivity  behavior  are  fulfilled  here. 

No  particular  significance  should  be  attached  to  the  radiating  areas  or 
their  assumed  emissivities.  The  16  square  foot  area  will  dissipate  65%  of 
the  input  power  with  an  emissivity  of  unity  at  about  70°  F.  The  20  square 
feet  was  chosen  simply  as  the  nearest  round  number  which  will  dissipate  with 
an  emissivity  less  than  unity  the  remaining  power,  at  the  temperature  fixed 
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by  that  of  the  right  hand  end  of  the  model,  and  the  remaining  conditions 
specified  for  the  model.  The  exact  value  of  the  emissivity  was  calculated  for 
the  temperature  and  dissipation  involved  for  the  chosen  area. 

No  materials  exist  with  exactly  the  right  values  of  thermal  conductivity 
for  1/10  scale  modeling  of  either  aluminum  or  cast  iron  by  technique  1. 
Materials  were  assumed  with  the  correct  values  of  thermal  conductivity,  but 
varying  with  temperature  more  rapidly  than  do  actual  materials.  In  addition, 
for  the  first  technique  1  model,  it  was  assumed  that  the  slopes  of  thermal 
conductivity  were  the  reverse  of  those  of  the  prototype,  i.  e.  ,  the  material 
modeling  the  aluminum  had  a  negative  slope,  while  that  for  cast  iron  a  posi¬ 
tive  slope.  This  means  that  th'„  conditions  assumed  were  worse  than  the 
worst  attainable  in  practice.  For  the  seccod  model  using  technique  1  the 
slopes  of  thermal  conductivity  for  the  model  were  assumed  to  be  the  same  as 
those  of  the  corresponding  prototype  materials.  For  technique  2  the  actual 
values  of  the  thermal  conductivity  at  the  temperatures  involved  were  used. 

The  results  of  the  calculations  are  shown  in  Fig.  4  for  the  prototype, 
the  technique  1  models,  and  for  the  technique  2  model.  The  actual  technique 
2  model  would  run  at  temperatures  considerably  above  those  of  the  prototype, 
however  these  are  converted  back  into  the  corresponding  figures  which  the 
model  forecasts  for  the  prototype,  and  it  is  these  latter  figures  which  were 
plotted  in  Fig.  4.  The  results  for  the  second  technique  1  model  were  indis¬ 
tinguishable  from  the  prototype  on  this  scale. 

The  errors  involved  in  the  two  techniques  can  be  calculated  from 
Fig.  4  for  the  first  model  using  technique  1  and  the  model  using  technique  2. 
The  maximum  errors  in  the  absolute  temperatures  are  0.  3%  and  1.  7%.  While 
both  of  these  are  small,  the  difference  between  them  is  significant  considering 
that  each  is  inherent  to  its  technique  and  will  be  compounded  in  the  actual 
experimental  work.  Since  all  heat  from  a  spacecraft  must  be  dissipated 
finally  by  radiation,  it  is  also  significant  to  examine  the  error  involved  in  T^ 
if  these  stations  were  radiating  instead  of  adiabatic.  In  this  case  the  error 
for  technique  1  is  less  than  1.  5%  while  that  for  technique  2  is  nearly  7%.  For 
the  second  model  using  technique  1  the  corresponding  errors  in  temperature 
and  radiant  flux  are  0.  1%  and  0.  4%, 

A  final  comparison  may  be  drawn  between  the  flux  distributions  in  the 
left  and  right  legs  of  the  prototype  and  models.  The  actual  ratio  (right  leg 
flux/left  leg  flux)  is  1.  857  for  the  prototype,  1.  849  for  the  first  technique  1 
model,  1.  860  for  the  second  technique  1  model,  ana  2.  049  for  the  technique  2 
model.  This  means  that  the  inherent  errors  in  the  flux  distributions  in  these 
models  are  0.  43%  and  0.  16%  for  technique  1  and  10.  34%  for  technique  2. 

Considering  the  variety  of  materials  already  used  in  spacecraft,  and  the 
probability  that  materials  with  even  wider  ranges  of  behavior  will  be  used  in 
the  future  (in  spacecraft  where  the  temperature  ranges  are  considerably 
larger),  it  was  felt  that  the  results  obtained  above  might  not  be  representative 
of  certain  future  problems.  For  this  reason,  and  in  order  to  assess  the  effects 
of  large  differences  in  the  variation  of  thermal  conductivity  with  temperature, 
the  following  more  extreme  example  was  taken. 

The  prototype  shown  in  Fig.  3  was  assumed  to  be  made  of  two  materials 
different  from  those  used  in  the  earlier  models,  with  the  radiating  surfaces 
on  one  square  foot,  the  thermal  conductivity  of  one  varying  with  temperature 
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from  1,  0  to  0.  9 7  and  the  other  from  0.  5  to  0.  47,  in  a  temperature  range  of 
180°  F  (i.  e.  ,  the  thermal  conductivities  fell  in  this  range  by  3%  and  6% 
respectively).  The  models,  1/4  scale,  were  assumed  to  be  made  of  mate¬ 
rials  whose  thermal  conductivities  varied  in  the  same  temperature  range 
from  0.  25  to  0,  22  and  0,  125  to  0.  095  respectively.  None  of  the  values  for 
the  thermal  conductivity  have  counterparts  in  practice,  though  the  variation 
of  3%  in  180°  F  is  representative  of  the  behavior  of  many  materials.  These 
variations  were  assumed,  for  the  first  model,  :o  have  the  same  slope  as  the 
prototype  materials  and  for  the  second  model  to  have  the  reverse  slope,  all 
thermal  conductivities  being  in  w/(ft)^  °F/ft.  These  models  differ  from 
those  described  earlier.  They  were  set  up  to  amplify  the  effects  of  variable 
thermal  conductivity  far  beyond  that  attained  in  practice  in  order  to  deter¬ 
mine  trends  rather  than  to  establish  the  behavior  of  actual  materials.  The 
results  for  the  models  are  demonstrated  in  Fig.  5  with  lOw  input  to  the 
prototype.  It  should  be  borne  in  mind  that  the  results  shown  here  are  delib¬ 
erately  forced,  the  temperature  drops  in  the  two  legs  of  each  model  are  con¬ 
siderably  larger  than  for  Fig.  4,  and  the  variation  in  thermal  conductivity 
assumed  for  the  various  materials  over  the  temperature  range  is  very  much 
larger  than  that  encountered  with  real  materials  except  for  the  right  leg  of 
the  prototype.  These  results  should  not  be  compared  with  those  obtained  for 
the  preservation  of  materials  earlier,  since  if  materials  with  property  values 
varying  like  that  of  the  prototype  postulated  here  were  used,  the  errors  would 
be  very  much  greater  than  those  shown  in  Fig.  4.  It  does  appear  however, 
that  where  the  thermal  conductivity  may  be  expected  to  vary  widely  with  tem¬ 
perature,  such  as  that  of  nickel,  a  reverse  sign  slope  is  to  be  prefered  over 
a  slope  of  the  same  sign,  since  the  maximum  error  and  the  mean  error  is 
considerably  less  under  these  circumstances. 

TRANSIENT  CONDITIONS  (COMPARISON  OF  TECHNIQUES) 

Most  of  the  life  of  a  spacecraft  is  spent  in  interplanetary  coast  during 
which  steady  state  heat  transfer  conditions  apply,  or  at  the  most  the 
extremely  slow  transients  over  periods  of  many  days  due  to  changes  in  the 
local  value  of  the  solar  constant.  However,  certain  transients  of  extreme 
importance  do  occur.  They  include  the  initial  stabilization  to  interplanetary 
conditions  after  launch,  the  perturbations  due  to  both  the  energy  release  and 
the  change  of  attitude  during  any  midcourse  maneuvers  which  may  be  carried 
out,  and  the  transient  conditions  imposed  by  planetary  encounter.  For  earth 
satellites  or  planetary  orbiter  vehicles  the  transient  condition  is  predominant. 
For  these  reasons  it  is  necessary  to  examine  the  laws  of  scale  modeling  for 
transient  conditions. 

If  Eq.  3  is  rewritten  to  give  the  time  scale,  it  is  found  that  the  scale  is 
dependent  upon  the  square  of  the  scaling  ratio  and  the  inverse  of  the  diffusivity 
ratio  of  the  model  and  prototype. 


For  the  case  in  which  the  variation  of  materials  properties  with  temperature 
is  ignored,  the  controlling  dimensionless  group  may  be  derived  for  technique 
1  from  Eq.  (3a)  and  for  technique  2  from  Eq.  (3b). 

The  behaviors  of  the  thermal  diffusivity  with  temperature  for  copper, 
aluminum  and  nickel  are  shown  in  Fig.  6.  The  specific  behavior  of  these 
three  materials  should  be  noted,  since  they  are  representative  of  spacecraft 
materials  in  general.  First,  the  diffusivity  of  copper  decreases  by  about  15% 
in  the  temperature  range  shown;  second,  the  diffusivity  of  ai’iminum  decreases 
by  about  6%  in  the  first  300° F  of  the  range,  and  then  increases  again  reaching 
a  value  at  750° F  which  is  about  1.  5%  above  that  of  the  value  at  0°F;  third, 
the  diffusivity  of  nickel  decreases  by  about  42%  in  the  temperature  range 
shown.  These  three  different  behaviors  will  be  shown  to  have  a  profound 
effect  on  the  modeling  of  transient  phenomena. 

The  diffusivity  ratios  of  these  materials  are  shown  in  Fig.  7  over  the 
range  from  32° F  to  572° F.  Examination  of  Figs.  6  and  7  in  conjunction  with 
Eq.  (17)  shows  that  the  assumptions  inherent  to  the  derivation  of  Eqs.  (3a) 
and  (3b)  are  in  error,  so  that  only  the  effect  of  the  results  in  Eq.  (17)  will  be 
considered  here. 

Equation  (17)  shows  that  if  the  temperature  varies  from  one  portion  of 
the  model  to  another  at  any  instant  of  time,  and  hence  the  thermal  diffusivity 
ratio  varies  from  point  to  point,  then  the  time  scale  at  that  instant  will  vary 
from  point  to  point  in  the  model.  In  addition,  during  a.  transient,  the  time 
scale  at  any  particular  point  is  a  function  of  the  temperature,  i.  e.  ,  the  time 
scale  at  any  given  point  will  vary  with  the  temperature-time  history. 

The  effect  of  temperature  on  the  time  scale  is  shown  in  Table  4.  The 
results  for  technique  1  are  shown  in  Table  4a,  the  model  scale  being  fixed  by 
Eq.  (la)  from  the  thermal  conductivity  ratio  for  the  model  and  prototype  at 
70°  F.  The  percentage  variation  over  the  temperature  range  in  the  scaled 
time  is  shown  in  Table  4c.  It  should  be  noted  that  the  time  scale  variation  for 
aluminum  modeling  copper  is  extremely  small,  but  that  for  aluminum  model¬ 
ing  nickel  or  nickel  modeling  copper  is  of  the  order  of  10%. 

The  results  for  technique  2  are  shown  in  Table  4b,  and  the  percentage 
variation  over  the  temperature  range  is  shown  in  Table  4c.  Here  it  is  neces¬ 
sary  to  determine  both  the  scaled  time  and  the  percent  variation  for  each  of 
the  three  materials  to  be  preserved  for  each  scale.  This  is  because  the 
temperature  range  in  the  model  is  a  function  of  the  scale  ratio,  Eq.  (lb),  and 
this  determines  the  diffusivity  ratio.  The  actual  time  scale  is  then  a  function 
of  the  particular  diffusivity  ratio  and  the  square  of  the  scale  ratio  according 
to  Eq.  (17). 

Table  4c  may  now  be  used  to  compare  the  two  techniques.  For  model¬ 
ing  at  approximately  half  scale,  technique  1  has  a  definite  advantage  if  the 
behavior  of  the  materials  in  question  resembles  that  of  copper  and  aluminum. 
At  about  1/3  scale  the  errors  inherent  with  technique  1  have  increased  by 
nearly  an  order  of  magnitude,  while  for  technique  2  they  are  about  the  same 
for  copper  and  nickel  and  have  been  reduced  by  60%  for  aluminum.  This 
means  that,  if  the  prototype  and  model  materials  behave  like  copper  or  alu¬ 
minum,  there  is  a  definite  advantage  at  this  scale  in  using  technique  2. 

Finally,  for  about  1/6  scale,  technique  1  appears  to  offer  about  the  same 


Table  4.  Comparison  of  time  scales  for  techniques  1  and  2 
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accuracy  as  technique  2  using  materials  behaving  like  copper  and  aluminum, 
but  has  definite  advantages  over  technique  2  using  materials  behaving  like 
nickel. 

One  further  comparison  may  be  drawn  between  the  two  techniques. 

From  Table  4a  it  can  be  seen  that  the  time  scale  for  technique  1  lies  between 
1/2  and  1/6,  while  from  Table  4b  the  time  scales  for  technique  2  lie  between 
1/4  and  1/60.  This  will  lead  to  some  degree  of  flexibility  in  modeling,  since 
for  the  modeling  of  such  slow  transients  as  the  time  taken  to  reach  stable 
conditions  in  interplanetary  space  the  time  scale  1/60  may  reduce  the  test 
time  to  reasonable  proportions;  for  such  rapid  transients  as  those  involved  in 
a  midcourse  maneuver  it  will  be  desirable  to  use  a  time  scale  at  least  as  large 
as  1/2, 


CONCLUSIONS 

While  many  modeling  laws  can  be  postulated  from  the  dimensionless 
groups  controlling  conductive  and  radiative  heat  transfer  occurring  together, 
the  actual  behavior  of  materials  and  surfaces  appears  to  prevent  the  use  of 
all  but  two  sets  of  these  laws.  Technique  1,  in  which  the  model  is  so 
designed  as  to  have  the  same  temperatures  as  the  prototype,  and  technique  2 
in  which  the  model  is  designed  with  the  same  materials  as  the  prototype. 

When  these  two  techniques  are  compared  for  steady  state  problems, 
technique  1  appears  to  have  many  advantages,  whether  true  solar  simulation 
is  available  in  the  test  chamber  or  not.  First,  the  inherent  errors  of  tech¬ 
nique  1  are  considerably  less  than  those  encountered  in  technique  2,  and  are 
actually  of  the  same  order  as  the  standard  experimental  errors  of  heat 
transfer.  Second,  if  good  solar  simulation  is  available,  technique  1  also 
involves  using  identical  surface  treatments  on  the  model  and  prototype,  which 
is  considerably  simpler  than  the  absorptivity  scaling  called  for  by  technique  2. 
Third,  contact  resistance,  which  will  probably  have  to  be  simulated  for  some 
years  to  come,  is  preserved  in  technique  1;  it  has  to  be  decreased  as  the 
model  size  decreases  with  technique  2.  Fourth,  it  is  probably  more  con¬ 
venient  to  use  a  model  in  which  the  temperature  is  the  same  as  that  of  the 
prototype,  as  in  technique  1,  than  to  use  a  model  in  which  the  temperature 
of  the  prototype  must  be  calculated  from  the  experimental  results  of  the 
model,  as  in  technique  2. 

The  problems  associated  with  the  modeling  of  the  steady  state  will 
increase  as  the  temperature  range  within  a  given  spacecraft  increases. 
Obviously  it  will  be  more  difficult  to  model  the  solar  cell  array  together  with 
the  rest  of  the  spacecraft  than  to  model  either  of  these  alone,  and  the  intro¬ 
duction  of  nuclear  reactors  in  spacecraft  will  compound  the  problems  of 
modeling.  However,  increased  temperature  ranges  within  spacecraft  will 
still  give  rise  to  fewer  problems  using  technique  1  than  using  technique  2. 

Technique  1  will  lead  to  some  difficulties  in  finding  materials  with  the 
correct  thermal  conductivities,  since  each  material  in  the  spacecraft  proto¬ 
type  will  call  for  a  specific  thermal  conductivity  in  the  corresponding  mate¬ 
rial  of  the  model.  Two  approaches  may  be  used  here;  first,  where  radnant 
heat  exchange  is  insignificant  and  therefore  the  radiation  configuration  factor 
need  not  be  preserved,  the  cross  sectional  areas  of  the  heat  conducting 
members  may  be  modified  rather  than  scaled  exactly;  second,  where 


radiation  is  significant  and  the  configuration  factors  must  be  preserved,  the 
effective  thermal  conductivity  of  the  path  must  be  modified  without  affecting 
the  geometric  scaling.  The  various  techniques  that  could  be  used  to  manu¬ 
facture  materials  with  the  required  thermal  conductivity  have  been  discussed. 

The  time  scale  variations  within  the  model  for  transient  phenomena  will 
cause  considerable  difficulties,  and  a  compromise  between  the  relatively 
inaccurate  temperature  readings  and  relatively  inaccurate  time  predictions 
must  be  sought  for  individual  cases.  Technique  1  has  no  overall  advantage, 
though  it  appears  that  it  will  be  more  useful  in  the  modeling  of  rapid  transients. 
Technique  2  will  be  more  useful  in  the  prediction  of  extremely  slow  transients 
and  the  transition  to  equilibrium  after  launch.  In  general  the  relative  behavior 
of  the  thermal  diffusivities  of  the  materials  used  will  have  to  be  carefully 
assessed  for  either  technique.  However,  the  transient  case  will  be  inherently 
more  difficult  to  model  than  the  steady  state  and  since  the  transient  times  are 
modeled  differently  for  different  temperatures  and  time  intervals,  there  will 
always  exist  errors  in  heat  fluxes  throughout  the  model  which  will  then  feed 
back  causing  increasing  errors  in  the  temperatures. 

A  contract  from  the  Jet  Propulsion  Laboratory  to  study  the  feasibility  of 
experimental  thermal  scale  modeling  has  been  undertaken  by  Arthur  D.  Little 
Incorporated  of  Cambridge,  Massachusetts.  The  first  phase  of  this  contract 
showed  that  it  was  possible  to  model  a  fin,  heated  at  one  end  and  radiating  to 
liquid  nitrogen  cooled  walls.  The  fin  was  divided  into  two  sections  separated 
by  a  simulated  contact  resistance  (Refs.  9  and  10).  In  the  second  phase,  a 
more  complicated  prototype  is  being  modeled  in  two  and  three  dimensional 
heat  flow  at  1/2  scale  and  1/5  scale  (Ref.  11).  These  experiments  seem  to 
indicate  that  the  use  of  technique  1  provides  satisfactory  results.  A  report  on 
this  contract  will  be  made  later. 

In  summary,  it  appears  that  there  is  no  inherent  theoretical  reason  why 
steady  state  conditions  cannot  be  successfully  modeled  for  spacecraft.  Obvi¬ 
ously  there  is  much  to  be  done  in  developing  the  experimental  and  fabrication 
techniques,  but  no  major  technical  breakthrough  is  required.  The  inherent 
errors  involved  with  the  technique  recommended  here  are  of  the  order  of  nor¬ 
mal  experimental  error.  The  modeling  of  transient  conditions  is  less  clear 
cut,  more  compromise  is  required  and  the  inherent  errors  are  larger  due  to 
feedback  between  errors  in  scaled  time  and  errors  in  temperature.  However, 
it  appears  that  it  will  be  possible  to  develop  a  reasonable  technique,  though  the 
effort  involved  will  be  considerably  greater  than  for  the  steady  state. 
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Figure  4.  Comparison  of  Temperature  and  Material  Preservation  Techniques 
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ABSTRACT 

This  paper  considers  the  application  of  aeroelastic  modeling  techniques 
to  the  determination  of  structural  loads  and  stability  and  control  characteri¬ 
stics.  Specifically,  the  paper  deals  with  considerations  for  development  of 
static  and  dynamic  flexible  wind  tunnel  models  to  be  used  to  measure 
structural  loads  and  stability  and  control  characteristics.  The  need  for 
development  in  these  facets  of  modeling  is  indicated  by  reviewing  the  present 
technological  status  of  aerodynamic  wind  tunnel  simulatior  and  testing.  It 
is  emphasized  that  these  modeling  extensions  provide  another,  but  significant, 
"development  tool"  for  the  vehicle  designer  and  a  means,  whereby,  a  signifi¬ 
cant  cost  savings  can  be  realized  during  prototype  flight  test.  The  tech¬ 
nical  considerations  required  for  these  modeling  extensions  are  divided  into 
seven  areas;  similitude,  model,  mounting  system,  control  system,  sensors, 
data  transmission,  and  data  handling.  The  requirements  and  problems  pertin¬ 
ent  to  each  of  these  areas  are  defined.  It  is  concluded  that  these  extensions 
of  aeroelastic  modeling  techniques  are  feasible  and  desirable  from  both 
technical  and  economic  points  of  view. 

INTRODUCTION 

This  paper  presents  a  summary  of  aerodynamic  modeling  and  scaling  tech¬ 
niques  available  to  the  flight  industry  today.  It  briefly  considers 
velocity/altitude  ranges  from  subsonic  through  hypersonic  and  from  sea  level 
through  orbital  or  super-orbital.  Theoretical  scaling  considerations  are 
discussed  as  well  as  model  hardware  availability.  The  technological  status 
of  testing  mechanisms,  data  transmission  and  data  reduction,  and  instrumenta¬ 
tion  is  given.  Wind  tunnel  testing  is  exclusively  considered. 

The  paper  skirts  the  specific  problems  associated  with  the  "thermal" 
environment,  i.e.  neither  scaling  nor  modeling  technologies  are  summarized 
for  thermal  considerations.  (See  Reference  1). 

Emphasis  is  placed  on  methods  for  determining  structural  loads  and 
stability  and  control  criteria.  The  central  theme  for  the  paper  is,  in  fact, 
the  development  of  suitable  modeling  methods  for  determination  of  these 
items. 
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A  status  report  for  the  MODEL  FLY  program  is  given. 

The  authors  are  presenting  all  data  made  available  through  written  docu¬ 
mentation,  limited  personal  discussions,  and  past  experiences.  It  is 
appreciated  that  we  represent  but  a  small  segment  of  this  technological  area, 
and  we  therefore  hope  that  this  paper  will  stimulate  interest  and  entice 
others  to  contribute  any  additional  technologies  or  methodologies  not  herein 
presented . 

It  is  the  opinion  of  the  authors  that  additional  work  in  aeroelastic 
modeling  will  yield  results  which  are  economically,  technically,  and  season¬ 
ably  gratifying  to  the  aerospace  industry. 

The  discussion  follows  a  format  which  presents,  first  a  broad  outline 
of  the  status  and  follows  with  a  detailed  discussion  of  each  main  area. 
Particular  emphasis  in  the  discussion  is  placed  on  the  present  technological 
boundaries.  The  MODEL  FLY  project  is  placed  in  context  of  the  total  aero¬ 
elastic  modeling  technology  presented. 

TECHNOLOGICAL  STATUS 

The  purpose  of  Table  1  is  to  place  the  subject  of  aeroelastic  modeling 
applications  to  flight  loads  and  stability  and  control  into  the  context  of 
the  symposium  and  to  define  the  scope  of  the  paper  at  the  onset.  The  table 
encompasses  rigid  model  testing  also,  so  that  conventional  loads  and 
stability  and  control  testing  can  be  related  to  the  symposium.  Space 
limitations  obviously  restrict  allowable  detail. 

The  N's  (no  capability)  in  the  right  hand  column  point  out  the  defici¬ 
ency  of  our  present  very  high  speed  test  facilities.  Some  orbital  velocity 
parameters  (e  .g . ,  Mach  Number)  can  be  simulated  but  the  need  for  a  greater 
expansion  of  ail  parameters  continues  to  exist. 

Line  4  points  out  some  important  accomplishments  related  to  dynamic 
modeling  that  are  sometimes  overlooked. 

Servo  driven  stings  (line  5)  have  been  used  where  the  mechanical  com¬ 
plexity  can  be  justified  to  reduce  the  test  time  required  to  map  aero¬ 
dynamic  characteristics.  Coupled  with  a  flexible  model  (line  6)  through  an 
analogue  computer  which  simulates  the  dynamics  including  the  structural 
inertia  terms,  it  could  serve  a  more  important  role  with  little,  if  any, 
additional  research  required. 

Lines  7,  8  and  9  will  be  discussed  in  detail  by  several  authors  at 
the  symposium. 

Lines  9  and  10  are  the  apparent  next  steps  for  intensive  development  on 
this  list  and  are  the  subject  of  this  paper. 

Some  trajectory  simulation  (line  11)  has  been  reported  by  NASA  using 
ballistic  ranges  but  no  results  on  extensively  instrumented  and/or  dynamic 
models  are  available. 


The  last  line  was  added  as  an  ultimate,  perhaps  unrealizable  and  now 
impractical  simulation  involving  simulated  equipment  tied  into  a  wind  tunnel 
model.  Frequently,  control  system  components  are  tied  into  some  iron  mock- 
up,  thus  obtaining  extensive  system  characteristics  data.  It  would  be  ideal 
to  tie-in  control  systems  to  a  wind  tunnel  model,  but  because  of  model 
scaling,  it  would  require  simulated  hardware  for  many  components.  The  high 
cost  and  limited  possibilities  for  test  on  the  actual  flight  vehicle  for  che 
huge  systems  of  the  future  may  mean  that  complete  model  simulation  systems 
must  be  recognized  as  a  seriously  considered  alternate  test. 

USEFULNESS  OF  AERODYNAMIC  TESTING 

The  conventional  aerodynamic  testing  techniques  listed  in  Table  1  have 
and  will  continue  to  play  an  important  role  in  the  development  of  new 
vehicles.  Their  contributions  to  researching  and  developing  new  configur¬ 
ations  are  immeasurable  and  cannot  be  quantitized.  We  are  presenting 
considerations  for  the  application  of  aeroelastic  modeling  techniques  to 
the  determination  of  structural  loads  and  stability  and  control  character¬ 
istics.  The  need  for  such  extension  can  be  best  indicated  by  reviewing  the 
modeling  techniques  which  are  currently  used  and  their  range  of  utility. 

The  techniques  for  measuring  static  force  derivatives  and  pressure  data 
have  proven  to  be  the  most  reliable  tool  of  the  experimental  aerodynamicist . 
For  complex  configurations,  they  have  no  equal.  The  combination  of  pressure 
data  correlated  with  force  test  data  for  a  specific  configuration  usually 
yields  good  load  distributions. 

Dynamic  derivative  testing  methods,  especially  rigidly  or  inexorably 
forced  techniques,  have  provided  excellent  data.  The  rigid  oscillation  tech¬ 
niques  are  very  good  for  obtaining  experimental  data  needed  for  systems 
with  low  stability  typical  of  high  performance  vehicles.  Reliable  dynamic 
derivatives  have  been  measured  in  subsonic  through  supersonic  flows. 

The  present  state  of  knowledge  concerning  spin  has  bean  largely  de¬ 
rived  from  tests  of  complete  models  in  the  wind  tunnel.  Because  spin  is  a 
low  speed,  high  lift  phenomenon  dependent  on  non-linear  aerodynamics, 
analysis  has  not  proven  very  reliable.  Full  scale  flight  test  experiments 
have  yielded  meager  results  because  testing  is  limited  by  safety  consider¬ 
ations. 

Flutter  model  tests  have  been  invaluable  in  design  for  flutter  prevent¬ 
ion.  Because  of  unsteady  aerodynamics  and  complex  modal  interactions,  the 
analysis  of  flutter  has  frequently  lacked  reliability.  Complete  aeroelastic 
modeling  for  flutter  in  the  transonic  and  supersonic  regimes  has  been 
limited  by  the  lack  of  mounting  systems  which  allow  rigid  body  degrees  of 
freedoms. 

Modeling  for  gust  response  has  been  rather  limited  until  recently. 

Lack  of  a  high-speed  five  degree  of  freedom  mount,  has  made  it  difficult  to 
study  problems  such  as  platform  stability,  riding  comfort,  and  guidance 


information.  These  characteristics  are  affected  by  pitching,  plunging,  yaw¬ 
ing  and  rolling  motions.  Gust  alleviation  methods  can  be  studied  by  pitch¬ 
ing  models,  but  complete  airplane  simulation  would  be  a  better  means  for 
designing  alleviation  systems. 

POTENTIAL  EXTENSIONS  OF  AEROELASTIC  MODELING 

The  design  of  modem  high  speed  vehicles  has  been  significantly  influ¬ 
enced  by  aeroelastic  effects.  As  a  result,  considerable  progress  has  been 
achieved  in  the  art  of  constructing  and  testing  flutter  models.  The  effects 
of  aeroelasticity  on  the  other  aspects  of  airplane  design  and  performance 
e.g.,  structural  loads,  maneuverability,  control  system  design,  dynamic 
stability,  have  been  engineered  largely  by  theoretical  analysis.  As  evi¬ 
denced  by  previous  discussion  on  aerodynamic  testing  methods,  considerable 
progress  has  been  made  in  rigid  static  and  dynamic  data  measurement.  There¬ 
fore,  it  appears  that  the  progress  made  can  be  consolidated  by  application 
to  the  simulation  of  aeroelastic  effects,  both  static  and  dynamic,  on 
structural  loads  and  stability  and  control  characteristics. 

The  feasibility  of  constructing  static,  flexible  structural  loads 
models  has  been  demonstrated  before,  most  recently  'v  a  program  at  MIT.  The 
trend  for  future  vehicles  is  toward  low  aspect  ratio,  complex  configurations 
Prediction  of  elastic  effects  becomes  increasingly  difficult.  More  accuracy 
is  needed  for  predicting  tail  loads,  control  effectiveness  and  stability  as 
a  function  of  q,  M,  a,  etc.  Static  aeroelastic  modeling  presents  a  feas¬ 
ible,  reasonable  approach  which  is  technologically  possible  at  this  time. 

A  maneuvering,  flexible  dynamic  model  is  another  extension  of  aero¬ 
elastic  modeling  techniques  which  merits  considerable  investigation.  Such 
an  extension  would  essentially  permit  us  to  "flight  test"  in  the  wind 
tunnel  and  thus  provide  a  significant  new  "development  tool"  for  the 
vehicle  designer. 

The  major  application  of  this  modeling  and  testing  technique  would  be 
to  perform  all  or  a  part  of  an  aircraft  flight  loads  program  in  the  wind 
tunnel.  The  airplane  maneuvers  could  be  flown,  maneuvering  limits  establish 
ed  or  verified,  critical  load  conditions  determined  and  possibly 
aircraft  structural  integrity  could  be  demonstrated.  This  modeling  and 
testing  technique  could  also  be  used  to  demonstrate  the  airplane  stability 
and  control  characteristics.  Also,  during  the  development  phase,  this 
technique  would  be  amenable  to  simulating  and  testing  possible  stability 
augmentation  schemes.  In  addition,  the  gust  response  flight  test  require¬ 
ments  could  be  satisfied  if  the  atmospheric  turbulence  can  be  suitably 
represented.  Thus,  the  maneuvering  flexible  model  would  provide  a  means 
whereby  gust  alleviation  schemes  could  be  developed. 

The  flight  tests  mentioned  above  are  only  a  part  of  the  total  develop¬ 
ment  program  for  an  airplane.  Other  tests  such  as  landing  and  take-off 
performance,  drag  measurements,  local  environmental  studies,  etc.,  arc  more 
efficiently  performed  using  conventional  modeling  techniques .  However,  the 


accomplishment  of  flying  loads  maneuvers,  and  obtaining  stability  and 
control,  and  gust  response  in  the  wind  tunnel  will  save  considerable  develop¬ 
ment  time  and  money. 

For  example,  the  structural  flight  loads  program  as  defined  in  MIL-S- 
5711,  is  conducted  in  two  phases.  Phase  One  consists  of  maneuvering  grids 
at  airspeeds  and  three  altitudes  defined  in  M1L-S-5711.  The  maneuvers,  e.g., 
pullouts,  pushdowns,  rolls,  etc.,  are  performed  at  various  percentages,  i.e. 
50,  60,  and  80%,  of  the  design  limit  load  factor  in  an  effort  to  determine 
critical  conditions.  This  phase  of  the  program  is  flight  time  consuming  be¬ 
cause  weight  and  c.g.  must  be  maintained  to  close  tolerances,  thus  requiring 
many  flights  to  explore  the  entire  flight  envelope.  Phase  Two  of  the 
program  consists  only  of  the  demonstration  of  the  airplane  structural 
integrity  at  100%  limit  load  factor  for  the  critical  conditions. 

Phase  One  of  the  flight  loads  program  generally  constitutes  about  75% 
of  the  flight  time.  Even  if  the  critical  conditions  must  be  demonstrated 
on  the  full  scale  airplane,  a  considerable  savings  will  be  realized  (cost 
per  hour  of  flight  test  is  approximately  $10,000).  In  addition,  if  the 
critical  load  distributions  can  be  accurately  defined  utilizing  the  loads 
model,  the  full  'cale  loads  airplane  will  not  require  extensive  instrument¬ 
ation  if  it  is  to  be  used  only  for  the  100%  demonstration  maneuvers.  Re¬ 
duction  of  instrumentation  requirements  will  introduce  additional  cost 
savings,  e.g.,  transducers,  calibration  and  checkout  manhours. 

It  is  certain  that  adequate  flight  testing  for  advanced  vehicles,  such 
as  Dynasoar  and  Spaceplane,  will  be  very  costly,  time  consuming  and 
possibly  hazardous.  Actually,  for  maneuvering  reentry  vehicles,  flight 
testing  per  se  can  not  be  realistically  performed.  Since  major  aero- 
elastic  effects  and  maximum  load  factor  are  suspected  tc  occur  super¬ 
sonically  or  transonically,  a  maneuvering  flexible  model  technique  could 
be  a  valuable  development  tool.  This  modeling  technique  would  permit  a 
thorough  investigation  of  these  problem  areas  before  the  vehicle  leaves  the 
launch  pad. 


FACTORS  IN  DYNAMIC  MODELING 

The  application  of  ae roe  las tic  modeling  techniques  to  the  determination 
of  structural  loads  and  stability  and  control  characteristics  will  represent 
a  significant  advance  in  the  modeling  and  testing  art.  This  modeling  ex¬ 
tension  encompasses  all  technical  aspects  of  airplane  design  and  test.  The 
technical  considerations  necessary  for  achieving  the  proposed  modeling  tech¬ 
nology  are  divided  in  seven  areas:  similitude,  mood,  mounting  system, 
control  system,  sensors,  data  transmission,  and  data  handling.  Each  of 
these  areas  will  now  be  discussed. 

SIMILITUDE .  The  development  oi  any  modeling  technology  begins  with 
the  derivation  of  the  similitude  requirements.  Ideally,  the  laws  of  simili¬ 
tude  define  the  absolute  bounds  of  simulation  attainable.  However,  the 
practical  elements  of  the  simulation  i .e .  wind  tunnel  characteristics, 
mounting  scheme,  model  construction,  etc.,  determine  the  degree  of  simulation 
which  can  be  truly  realized. 
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The  similitude  parameters  for  a  physical  process  can  be  derived  in  two 
ways;  (1)  studying  the  equations  which  describe  the  process  or  (2)  through 
the  standard  algebraic  procedure  of  dimensional  analysis.  The  relative 
importance  of  these  parameters  can  only  be  established  by  viewing  them  in 
respect  to  the  objectives  of  the  modeling  technology  under  consideration. 
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We  are  presently  considering  the  extension  of  aeroelastic  modeling 
techniques  for  application  to  static  and  dynamic  response  i.e.,  loads,  and 
stability  and  control  characteristics.  The  dimensionless  parameters  which 
describe  the  dynamic  aeroelastic  system  are  listed  in  Appendix  A.  According 
to  Buckingham's  Theorem,  the  following  functional  expression  completely  de¬ 
scribes  the  dynamic  aeroelastic  system, 

. s«q)=o  (a> 
4  Vo  4 

The  comparable  expression  for  the  static  aeroelastic  system  can  be 
expressed 

f  (Li,  ,  JL  ,  Jk.  „ ,  ■£ ,  4>  <? )  =  0  (B) 

The  formal  derivation  of  this  expression  is  obtained  by  changing 
primary  dimension  system  in  the  dimensional  analysis  procedures  from  MLT 
to  PL  system.  The  result  is  apparent;  i.e.,  the  time  parameter  A 

is  dropped  and  the  mass  parameter  combines  with  the  Froude  number  (weight 
becomes  important  rather  than  mass  in  the  equilibrium  or  static  system). 


The  areas  of  non-simulation  for  these  systems  are  well  known  (Ex¬ 
pression^;  also  describes  the  flutter  model).  They  are  non-scaling  of 
Reynold's  number  and  the  effects  of  gravity. 


Interdependency  of  the  parameters  M,  R4,  and  does  not  permit 

simultaneous  satisfaction  of  all  three  parameters  for  aeroelastic  models. 

We  generally  chose  to  neglect  Reynold's  number,  but  match  M  and 

Physically,  it  is  well  known,  that  Reynold's  number  is  a  ratio  of  the  fluid 
inertia  force  to  the  viscous  force  acting  on  a  body  in  a  streaming  flow. 

For  high  Reynold's  number  at  which  prototypes  generally  operate,  inertia 
forces  predominate .  Viscous  forces  are  primarily  drag  forces;  longitudinal 
forces  have  negligible  effect  on  the  pitch^plunge  loads.  Therefore,  they 
are  generally  of  little  consequence  in  aeroelasticity . 


The  Reynold's  number  non-simulation  affects  both  static  and  dynamic 
aeroelastic  systems  in  the  same  manner.  From  Expression  (A),  the  law  of 

mass  similitude  derived  utilizing  the  relative  mass  parameter 

states  that  mass  of  the  model  should  scale  as  the  length  scale  cubed  times 
the  prototype  mass.  From  the  static  aeroelastic  systems  expression,  the 

law  of  mass  similitude  derived  utilizing  the  parameter  dictates 

that  the  mass  be  scaled  proportional  to  the  length  scale  squared.  Therefore, 
when  we  simulate  the  mass  using  the  dynamic  scaling  law,  the  model  weight  is 
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less  than  required  for  static  considerations.  Noting  that  the  parameter 
is  the  equilibrium  lift  coefficient,  this  non-scaling  of 
weight  causes  the  model  to  fly  at  an  improper  trim  angle  of  attack. 

Achieving  Trim  Angle  Simulation.  Non-simulation  of  prototype  weight 
manifests  itself  in  a  reduced  model  equilibrium  or  trim  angle  of  attack 
(when  compressibility  simulation  has  been  achieved).  The  trim  angle  for  an 
elastic  prototype  or  model  consists  of  two  components,  the  rigid  airplane 
(mass)  trim  angle  and  the  aeroelastic  increment  due  to  deadweight  deformation 
(twist  and  camber)  of  the  lifting  surfaces.  Both  of  these  angle  components 
cannot  be  truly  simulated  due  to  non-scaling  of  gravity.  This  non-simulation 
would  be  of  no  consequence  to  the  simulation  of  dynamic  stability  response 
and  would  yield  conservative  load  distributions,  if  the  aerodynamics  are 
linear.  However,  in  the  transonic  region  the  aerodynamics  are  generally 
non-linear;  and  it  will  therefore  be  important  to  correctly  simulate  proto¬ 
type  trim  angle. 

Similitude  of  equilibrium  angle  due  to  rigid  mass  non-simulation  can 
be  achieved  by  introduction  of  a  massless  vertical  force,  independent  of  the 
model  motion.  This  capability  will  be  available  with  the  dynamic  mount  - 
inertia  cancelling  device  which  will  be  discussed  later  under  mounting 
requirements . 

The  aeroelastic  increment  to  the  trim  angle  can  be  simulated  by  build¬ 
ing  a  twist  and  warp  distribution  into  the  model  lifting  surface  equivalent 
to  the  deformation  which  would  be  developed  if  the  weight  increment  re¬ 
quired  for  true  similitude  were  applied.  Built-in  warp  or  camber  and 
twist  affects  the  zero-lift  (basic  load)  distribution  of  the  surface,  but 
the  additional  load  distribution  (load  due  angle  of  attack)  is  essentially 
unaltered.  Total  load  and  moment  distributions  are  matched.  This  technique 
obviously  violates  the  requirement  of  strict  geometric  similitude  i.e. 

—  (Tl T2.Jp  (Appendix  A),  bin  pplied  force  and  mass  distribution 

are  simulated.  Therefore,  dynamic  similitude  can  be  achieved. 

Maneuver  Potential  in  the  Wind  Tunnel.  We  are  considering  the  use  of 
aeroelastic  maneuvering  models  in  the  wind  tunnel.  Theoretically,  a  model 
built  to  match  the  derived  dynamic  scaling  laws  will  be  kinematically 
similar  to  the  prototype  when  forced  similarly.  Thus,  by  properly  scaling 
control  inputs  or  external  forces,  i.e.  gusts,  the  model  maneuver  response 
can  be  directly  related  to  the  prototype  response.  There  are  practical 
modeling  and  testing  considerations  which  will  affect  the  maneuverability  in 
the  wind  tunnel. 

The  primary  limitations  on  the  maneuverability  are: 

(1)  Tunnel  and  model  safety  considerations 

(2)  Tunnel  test  section  dimensions 

(3)  Geometric  and  physical  system  limitations 
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For  obvious  wind  tunnel  safety  reasons,  a  maneuvering  mounting  system 
will  be  required  to  keep  the  model  from  flying  downstream.  As  will  be 
discussed  later,  the  mounting  system  must  be  capable  of  driving  itself  to 
follow  the  model  motions,  thus,  effectively  leaving  the  model  in  free  flight. 
Any  mount  restraint  on  the  model  would  affect  its  maneuverability,  hence, 
essentially  none  is  tolerable.  The  mount  should  also  keep  the  model  from 
slamming  into  the  walls,  thus,  preventing  damage  to  the  model  and  subsequent 
damage  to  the  wind  tunnel. 

The  tunnel  dimensions  limit  the  equivalent  maneuvering  altitude.  The 
tunnel  equivalent  maneuvering  altitude  is  a  function  of  the  model  length 
scale.  For  practical  utilization,  the  theoretical  maximum  equivalent  alti¬ 
tude  is  reduced  by  safety  consideration  and  also  because  wind  tunnel  inter¬ 
ference  effects  would  distort  the  model  aerodynamics,  i.e.  shock  reflections, 
pseudo-ground  effects,  etc.  The  apparent  solution  to  the  situation  of 
limited  tunnel  altitude  is  to  reduce  model  scale.  However,  decreasing  the 
model  size  imposes  other  limitations  on  the  maneuvering  system.  First, 
model  frequency  is  increased  as  length  scale  is  decreased.  Although  both 
model  and  mount  mass  ire  decreased,  the  frequency  response  capability  of  the 
mount  must  be  increased  to  permit  it  to  follow  the  smaller  model  motions. 
Reduced  model  scale  also  comprises  or  at  least  makes  the  construction  of  an 
accurate  model  more  difficult,  and  reduces  the  amount  of  instrumentation 
that  can  be  installed. 

Flight  test  maneuvers  are  a  function  of  the  prototype  maneuverability 
and  design  mission.  A  maneuvering  model  on  any  proposed  mounting  system  can 
not  perform  all  possible  maneuvers.  Because  of  physical  limitations  spins 
and  LABS  maneuvers  will  not  be  possible.  However,  the  major  portion  of  the 
flight  loads  demonstration  program,  e.g.  symmetrical  pull-ups,  push  downs, 
flaps  down  pullouts,  roll  and  yaw  maneuvers,  and  the  control  pulsing  maneuvers 
for  stability  and  control  response  could  be  performed  in  the  wind  tunnel. 

During  the  full-scale  maneuver  program,  the  pilot  does  not  generally 
concern  himself  with  the  altitude  used  to  perform  the  maneuver.  His 
primary  objective  is  to  pull  the  desired  limit  load  factor.  Therefore,  it 
might  not  be  feasible  to  attempt  duplication  of  the  exact  flight  test 
maneuver  within  the  wind  tunnel.  To  illustrate  this  point,  let  us  assume 
we  are  flying  a  one-tenth  scale  F-106  model  in  a  16  x  16*foot  wind  tunnel 
section.  Figure  1  depicts  the  scaled  time  history  of  the  model  response  in 
a  typical  symmetric  7g  pull-up  (70g  model  scale),  (flight  condition  55-201, 
Reference  2) .  The  time  histories  reveal  that  the  pilot  has  not  attempted  to 
check  the  maneuver;  the  airplane  has  vertical  velocity  and  continues  to  gain 
altitude.  The  maneuver  as  depicted  could  not  be  confined  to  the  wind  tunnel, 
i.e,,  equivalent  altitude  is  approximately  100  feet. 

As  mentioned  before,  the  pilot’s  objective  was  only  to  match  the  limit 
load  factor  without  concern  toward  the  consumed  altitude  or  time  history. 

Now  consider  the  load  factor  time  history  superimposed  upon  the  actual 
flight  history  (Figure  1).  This  maneuver  takes  advantage  of  the  model  jerk 
(time  rate  of  acceleration)  ability  and  the  maximum  negative  load  factor  to 
decelerate  the  maneuver.  As  a  result,  the  maneuver  can  be  performed  in 
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MANEUVER  ALTITUDE  VERTICAL  VELOCITY  NORMAL  LOAD  FACTOR 

(FEET)  (FEET/SECOND)  (g's) 


FIGURE  1.  SCALED  TIME  HISTORY  OF  A  TYPICAL  F-106 
SYMMETRIC  PULL-OUT  MANEUVER 


approximately  eight  feet  of  equivalent  altitude,  and  matches  the  desired 
limit  load  factor.  The  data  time,  4D  for  the  assumed  maneuver,  was  arbitr¬ 
arily  set  at  4$  =  .01  seconds.  This  value  can  be  changed  with  a  proportional 

change  in  equivalent  altitude.  Thus,  it  appears  quite  feasible  to  perform 
flight  load  maneuvers  in  the  wind  tunnel  using  scaled  models. 

MODELING .  The  design  philosophy  for  the  aeroelastic  model  is  guided  by 
similitude  theory.  The  structure  of  the  aeroelastic  model  must  as  a  result 

(1)  provide  external  geometric  contours  to  simulate  prototype  aero¬ 
dynamics 

(2)  scale  stiffness  magnitude  and  distribution 

(3)  scale  mass  magnitude  and  distribution. 

These  are  the  design  requirements  for  the  flutter  and  aeroelastic  dynamic 
stability  models.  An  additional  requirement  for  the  static  and  maneuvering 
aeroelastic  loads  model  would  be  to  provide  a  structure  which  is  capable  of 
withstanding  the  scaled  limit  loads. 

Direct  scaling  or  a  replica  type  structure  will  match  all  similitude 
requirements  plus  provide  adequate  strength.  However,  the  aeroelastic  loads 
model  construction  may  be  simplified  provided  the  similitude  design  require¬ 
ments  are  met.  The  departure  from  scaled  replica-type  construction  for 
flutter  models  has  long  been  the  standard  practice  when  aerodynamic  heating 
(aerothermoelastic)  simulation  is  not  desired.  This  deviation  from  strict 
similitude  can  simplify  model  fabrication  at  a  very  slight  loss  of  aero¬ 
dynamic,  mode  shape,  and  low  frequency  response  accuracy. 

Direct  scaling  of  the  prototype  structure  has  some  reward;  model 
stresses  would  be  in  one-to-one  correspondence  with  respective  prototype 
stresses.  From  these  stresses,  the  external  load  distribution  be  cal¬ 
culated.  Deviation  from  replica-type  structure,  for  fabrication  ease,  de¬ 
stroys  the  model -to-prototype  stress  correspondence  but  the  loads  distri¬ 
bution  can  still  be  obtained  in  the  same  manner. 

It  is  hoped  that  the  above  discussion  has  not  imbedded  the  thought 
that  strain  gauge  instrumentation  is  the  only  means  of  extracting  loads  in¬ 
formation  from  the  dynamic  loads  model.  Miniature  pressure  transducers 
appear  to  be  quite  feasible  and  offer  a  distinctive  advantage  over  strain 
gauges.  Using  pressure  data,  direct  integration  yields  the  external  (air¬ 
loads)  loads  distributions.  The  transformation  from  stress  to  loads  is  a 
two  step  calculation.  First,  net  loads  distributions  are  obtained  and  then 
the  inertia  loads  must  be  algebraically  combined  with  the  net  loads  to 
yield  the  airloads.  The  inertia  loads  are  not  known  directly,  but  must  be 
analytically  derived. 

There  are  problems  which  must  be  resolved  if  pressure  transducers  are 
to  be  used.  The  main  problem  is  maintaining  the  mass  distribution  required 
by  similitude.  This  requirement  might  impose  a  restriction  on  the  number 
of  transducers  which  can  be  utilized,  and  thus  limit  the  accuracy  of  load 
resolution. 
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MOUNTING  SYSTEM.  Holding  a  model  in  a  wind  tunnel  poses  one  of  the 
most  serious  problems  associated  with  wind  tunnel  testing.  To  list  a  few 
of  the  considerations  that  must  be  taken  into  account: 

(1)  Model  aerodynamic  interference 

(2)  Force  measurement  -  data  readout 

(3)  Wind  tunnel  blockage 

(4)  Strength 

(5)  Dynamic  response 

(6)  Stability 

(7)  Safety  provisions 

The  primary  function  of  the  mounting  system  is  to  hold  or  support  the 
model  in  the  wind  tunnel.  The  mount  also  provides  a  position  reference, 
supports  instrumentation,  and  sometimes  provides  coolants.  There  are  a 
variety  of  ways  that  it  is  desired  to  hold  the  model,  for  example;  in  static 
testing  it  is  desired  to  hold  the  model  rigidly  at  a  fixed  position  and  at  a 
fixed  angle  in  order  to  measure  lift,  drag,  or  other  various  rigid  body 
static  derivatives.  Any  motion  of  the  model  or  perturbations  of  the  air- 
stream  are  a  source  of  noise  in  the  system  and  are  eliminated  if  possible. 

In  other  types  of  mounts,  it  is  desired  to  place  as  little  restraint  as 
possible  on  the  model  -  ideally  reacting  only  drag  forces.  An  example  of 
this  mount  would  be  a  flutter  model  test  wherein  "rigid"  body  degrees  of 
freedom  are  deemed  important  and  purposefully  the  body  is  allowed  nearly  un¬ 
restrained  motion. 

It  would  be  beneficial  to  point  out  the  difference  between  flutter 
model  and  dynamic  stability  model  mounting  requirements.  For  dynamic  stabil¬ 
ity  modeling,  it  is  of  utmost  importance  that  the  mounting  system  has  a 
frequency  response  capable  of  following  all  rigid  body  motions  and  possibly 
some  of  the  lower  structural  frequencies.  The  latter  requirement  is  of 
course  dependent  on  the  frequency  separation  between  the  structural  and 
rigid  body  modes.  The  flutter  mount  must  have  a  frequency  response  that 
provides  good  simulation  of  at  least  the  first  three  or  four  free-free 
structural  modes. 

Static  mounts  are  no  doubt  familiar  to  all,  and  except  for  certain  sub¬ 
tleties,  their  designs  and  operation  are  generally  straightforward.  Dynamic 
mounts  are  much  less  common,  however, and  deserve  some  special  mention. 

There  are  two  general  classes  of  dynamic  mounts,  those  which  force  the 
model  through  prescribed  motions  and  those  which  appear  (or  attempt  to 
appear)  passive  to  the  model.  The  first  type  of  mount  ordinarily  is  used 
in  measuring  dynamic  stability  derivatives  and  lately  has  found  use  in 
measuring  flutter  stability  criteria  (as  developed  by  Boeing  in  their 
admittance  technique)  (Reference  3) .  Several  mounts  which  are  currently  in 
use  and  appear  at  least  semi -passive  to  the  model  are: 

Princeton  University  Forward  Flight  Facility.  This  facility  which 

is  not  a  wind  tunnel  utilizes  a  750  foot  long  track  with  a  five 


degree  of  freedom  mounting  system.  The  mount  is  designed  and 
especially  suited  to  studying  dynamic  behavior  of  V/STOL  aircraft 
or  helicopters  during  transition  phases.  Maximum  forward  velocity 
is  40  feet  per  second.  (Reference  4). 

Ling-Temco-Vought  High  Speed  Wind  Tunnel.  This  facility  has  a 
static  servo-driven  mount  especially  designed  and  used  for  docking 
and  body  separation  studies.  The  mount  senses  aerodynamic  forces 
which  are  fed  to  an  Analog  Computer.  The  computer  adds  the  necessary 
rate  derivatives,  solves  a  six  degree  of  freedom  set  of  equations, 
and  prescribes  the  motion  for  the  hydraulically  driven  mount  to  follow. 

National  Aeronautics  and  Space  Agency,  Langley  Field,  Transonic 
Dynamics  Tunnel.  This  facility  utilizes  a  cable  suspension  system 
especially  for  flutter  model  testing.  The  mount  has  cables  running 
both  forward  and  aft  which  essentially  restrain  only  fore-and-aft 
motion  of  the  model. 

Many  low  speed  wind  tunnels  have  provision  for  vertical  rods  especially 
suited  for  flying  low  speed  flutter  models.  These  rods  allow  nearly 
complete  freedom  in  the  vertical  direction  and  by  proper  gimbal  arrange¬ 
ments  the  angular  degrees  of  freedom  are  realized.  Some  lateral  and 
fore-and-aft  restraint  is  offered. 

Other  dynamic  mounting  systems  which  are  under  development  are: 

At  the  Massachusetts  Institute  of  Technology,  a  mounting  system  using 
magnetic  force  to  hold  and  control  a  small  model  is  under  development. 
This  mount  will  be  used  for  static  testing  models  and  for  stability 
derivative  measurements.  The  stability  derivatives  will  be  measured 
by  forced  motions  of  the  model.  (Reference  5).  Additional  work  on 
magnetic  mounts  has  been  performed  by  the  University  of  Virginia 
(Reference  6) . 

At  the  Cornell  Aeronautical  Laboratories,  a  dynamic  mount  is  being 
developed  which  will  allow  separation  of  dynamic  derivatives. 

At  the  Astromechanics  Research  Division  of  Giannini  Controls  Corpor¬ 
ation,  a  dynamic  mount  is  under  development  as  a  part  of  the  MODEL 
FLY  system.  This  mount  is  being  designed  under  Air  Force  sponsorship 
for  use  in  the  16- foot  Transonic  Wind  Tunnel  at  AEDC.  The  mount  will 
allow  a  model  to  b>.  maneuvered  in  the  wind  tunnel  in  order  to  measure 
loads  and  stability  and  control  characteristics. 

MODEL  SENSORS.  In  measuring  model  data,  it  is  necessary  to  know  both 
the  input  force  and  the  model  internal  response.  Ordinarily  basic  wind 
tunnel  instrumentation  (static  pressure,  temperature,  density,  etc.)  in 
conjunction  with  model  attitude  variables  provide  sufficient  data  to  de¬ 
termine  the  input  forces  to  the  model.  However,  if  a  distributed  or 
localized  description  of  these  forces  is  required,  then  additional  instru¬ 
mentation  is  needed. 


In  a  dynamic  model,  the  distribution  of  transducers  in  lifting  sur¬ 
faces  presents  two  problems  -  weight  and  size.  Heating  can  also  present  a 
problem  depending  on  the  wind  tunnel  temperature.  There  are  three  primary 
dynamic  sensors  which  can  practicably  be  placed  in  lifting  surfaces; 
strain  gages,  accelerometers,  and  pressure  transducers.  Table  2  presents 
the  properties  of  each  of  these  basic  types.  It  is  assumed  that  miniature 
solid  state  devices  are  used. 


Sensor 

Item  ' 

Strain 

Accelerometer 

Pressure 

(cps) 

Frequency  Response 

0  £  1000 

3  <  1000 

0  £  1000 

Size 

.003"x.l25"x.250" 

.100"x.500"  dia. 

.200"x.350"  dia. 

Weight 

1  gram 

1  to  3  grams 

1  to  2  grams 

Output  Level 

1  volt  full  scale 

1.5m  volt/g 

l/2volt  full  scale 

Power  Requirements 

0.1  watt 

0 

0.3  watt 

Environmental  Limit. 

Temp.comp.req 'd. 

Cross  talk 
Acoustic  sens. 

Acceleration  sens. 
Acoustic  sens. 

cn  ar 
se  lo 
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Controls  which  are  to  be  placed  within  or  directly  adjacent  to  a 
dynamic  model  generally  have  a  severe  set  of  restrictions  imposed  upon  them. 
The  power  source  must  be  very  light  in  weight,  small  in  size,  good  resolution 
good  repeatibility,  high  power,  good  frequency  response,  etc..  The  power 
transfer  system  and  position  sensors  have  the  same  general  restrictions 
imposed  upon  them.  Figure  2  presents  a  comparison  of  typical  weight  vs. 
power  curves  for  small  power  systems.  These  curves  were  derived  from  modi¬ 
fied  or  off-the-shelf  hardware.  It  should  be  noted  that  there  is  no  off-the- 
shelf  equipment  which  is  readily  usable  in  model  control  systems.  There  are, 
however,  some  components  which  when  modified  are  satisfactory  for  use,  e.g. 
small  pneumatic  actuators  or  hydraulic  dampers. 


Design  requirements  for  control  equipment  for  model  use  are  somewhat 
different  from  conventional  small  industrial  equipment.  Some  of  the 
significant  differences  are: 

Very  high  reliability 

Short  life  -  say  less  than  50  hours  of  operation 
Intermittent  operation 
High  structural  efficiency 

Lower  power  conversion  efficiency  permissible 
Withstand  rugged  environments . 

DATA  TRANSMISSION.  The  data  transmission  system  for  the  maneuvering 
model  must  perform  two  functions:  (1)  transmit  the  data  measurements  in  a 
form  suitable  for  recording  and  future  data  processing,  and  (2)  provide  a 
communication  link  for  purposes  of  control  and  safety  of  the  model.  The 
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familiar  low  speed  flutter  model  data  system  performs  these  same  functions. 
However,  hardware  and  design  considerations  required  for  the  maneuvering 
model  system  are  more  difficult  and  sophisticated  because  of  the  required 
number  of  measurements  and  their  frequency  characteristics.  These  factors 
are  important  considerations  in  selecting  the  mode  of  data  transmission. 

There  are  three  modes  of  data  transmission  which  can  be  considered  for 
the  maneuvering  model.  These  are  (1)  parallel  hardwire  transmission  (2) 
time  sharing  hardwire  by  means  of  commutation  and  (3)  commutation  with 
radio  frequency  (RF)  telemetry.  A  data  flow  chart  showing  the  flow  of  data 
and  equipment  utilized  in  these  modes  can  be  found  in  Figure  3.  It  will  be 
noted  that  all  of  these  modes  of  transmission  are  suitable  for  both 
functions  previously  mentioned. 

A  description  of  each  transmission  mode  and  its  advantages  and  disad¬ 
vantages  follows: 


Parallel  Hardwire.  The  parallel  hardwire  mode  is  the  most  commonly 
used  mode  of  data  transmission.  In  this  mode,  signal  wires  lead  from  each 
transducer  to  the  recorder  and/or  control  center.  The  data  signals  from 
each  transducer  are  transmitted  and  recorded  simultaneously.  Thus,  the 
name  "parallel  hardwire"  is  derived. 

The  quantity  of  information  to  be  transmitted  is  the  prime  limitation 
of  this  transmission  mode.  The  maneuvering  loads  model  will  be  extensively 
instrumented.  Although  it  cannot  be  instrumented  exactly  as  the  full  scale 
flight  loads  airplane  (primarily  because  of  matching  scaled  weight  require¬ 
ments),  the  model  will  require  a  large  number  of  transducers  to  obtain 
loads  distributions,  local  accelerations,  control  position,  etc.  The 
exact  number  of  transducers  required  will  be  a  function  of  the  vehicle 
tested.  However,  an  estimate  of  fifty  (50)  transducers  would  be  reasonable 
and  would  suffice  to  carry  the  point  of  discussion.  Each  of  these  trans¬ 
ducers  would  require  two  (2)  signal  wires  plus  shielding  to  minimize  the 
effects  of  wind  tunnel  noise.  The  power  wires  to  drive  the  transducers 
need  not  be  considered  because  all  transmission  modes  require  them  and  their 
number  can  be  minimized  by  common  use.  This  bundle  of  wire  (100  wires  plus 
shielding)  could  prove  to  be  physically  unwieldy  and  impede  the  free  flight 
response  of  the  model.  This  factor,  by  far,  overshadows  the  advantage  of 
parallel  hardwire  over  the  other  modes.  That  is,  no  additional  weight  is 
required  for  signal  conditioning. 


Time  Sharing  Hardwire  by  Means  of  Commutation.  The  name  of  this  mode 
is  derived  from  the  fact  that  the  data  signals,  which  occur  in  parallel, 
are  converted  by  means  of  the  conunutator  into  serial  signals  which  are 
transmitted  over  the  same  wire  (time  sharing).  The  output  from  the  commut¬ 
ator  is  a  pulse-amplitude-modulated (PAM)  signal.  The  reliability  of  PAM 
when  transmitted  over  a  long  wire  is  greatly  reduced  by  signal  attenuation 
and  the  noise  environment.  To  minimize  or  eliminate  these  signal  errors, 
the  PAM  signal  is  generally  amplified  and  passed  through  an  analog-to- 
digital  (A/D)  converter.  The  signal  emerging  from  the  (A/D)  converter  is  a 
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pulse -code -modulated  signal  (PCM)  whose  reliability  is  unaffected  by  noise. 
The  transmitted  signal  must  pass  through  the  inverse  of  the  above  described 
procedure  to  retrieve  the  data  in  parallel  analog  form  for  either  real 
time  control  processing  or  data  recording  for  further  analysis  (see  Figure 
3). 


The  advantage  of  this  mode  over  parallel  hardwire  is  obvious;  the 
"big  bundle"  of  wires  has  been  replaced  with  just  one  wire.  However,  a 
weight  compromise  is  needed  to  enable  this  achievement.  The  package  of 
commutator,  amplifier  and  analog-to-digital  converter  must  be  housed  in  the 
model.  For  a  dynamically  scaled  model,  this  added  weight  could  be  intoler¬ 
able.  The  commutator  is  the  heaviest  component.  Its  size  is  dependent  on 
the  number  of  data  channels  and  frequency  resolution  desired.  Therefore, 
the  allowable  size  of  commutator  could  limit  the  amount  and  quality  of  the 
systems  data  output. 

Commutation  with  Radio  Frequency  (RF)  Telemetry.  This  transmission 
mode  is  exactly  the  same  as  the  second  mode  discussed  above  except  that  the 
PCM  signal  leaving  the  A/D  converter  is  transmitted  to  the  control  center 
by  means  of  a  radio  freouency  transmitter  rather  than  the  single  hardwire. 
Therefore,  the  advantage  of  this  system,  if  batteries  can  be- provided  to 
power  the  transmitter,  commutator,  and  transducers,  is  that  all  wires  are 
eliminated.  The  disadvantages  are  that  the  weight  of  the  radio  transmitter 
(and  batteries)  must  be  added  to  the  model  and  the  cost  of  the  transmission 
system  would  be  increased. 

The  consideration  of  the  second  and  third  modes  is  made  possible  by 
recent  advances  in  solid-state  electronic  components.  Present  off-the- 
shelf  components,  will  permit  us  to  assemble  the  system  described  above, 
with  a  capability  of  handling  50  data  channels  with  frequency  resolution  up 
to  100  cps.  This  package  would  be  approximately  4"  x  3"  x  6"  in  size  and 
weigh  approximately  eleven  (11)  pounds.  This  weight  might  be  untolerable. 
However,  there  are  currently  in  development,  micro-miniaturised  components 
which  would  be  considerably  smaller  in  size  and  weigh  approximately  one 
pound.  Therefore,  these  data  transmission  nodes  will  be  quite  feasible. 

DATA  HANDLING  SOFTWARE .  An  important  factor  for  utilization  of  aero- 
elastic  maneuvering  models  will  be  the  development  of  the  data  handling 
software  or  processing  system  which  can  provide  on  site  data  reduction  of 
model  response  and  loads  parameters  win  lc  testing  or  shortly  thereafter. 

A  system  with  such  capability  would  greatly  enhance  the  application  of  this 
type  of  model  to  performance  in  the  wind  tunnel  of  all  or  a  major  portion 
of  a  prototype *6  flight  loads  and  stability  and  control  program. 

With  a  data  reduction  system  as  envisioned,  the  model  test  engineer 
could  have  model  response  data  and  loads  information  shortly  after  his 
test,  check  the  validity  and  magnitude  of  the  loads  frequencies,  decay 
factors,  etc.,  and  use  this  inform.it  ion  to  cither  "refly"  the  maneuver  or 
proceed  with  the  next  maneuver.  This  data  processing  capability  would 
enhance  the  overall  testing  technique,  esj>ecinlly  when  applied  to  the 
flight  loads  program.  A  typical  test  sequence  for  a  Phase  One  survey 
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maneuver  as  flown  in  ttie  wind  tunnel  would  be  as  follows:  fly  maneuver  at 
5u%  limit  load  factor  and  review  data;  maneuver  at  60%  and  80%,  limit  load 
factor;  plot  data  and  extrapolate  data  to  limit  load  factor;  decide  whether 
model  could  withstand  limit  load;  perform  maximum  load  maneuver.  This 
sequence  of  maneuvers,  of  course,  differs  from  that  followed  in  full-scale 
flight.  For  the  full  scale,  the  100%  load  factor  condition  can  not  be  per¬ 
formed  prior  to  static  load  test  demonstration  and  correlation  with  data 
from  survey  maneuvers.  Thus,  the  data  processing  system  provides  ^  signi¬ 
ficant  savings  in  program  time  duration  as  a  result  of  maneuver  sequencing. 
This  time  savings  in  addition  to  the  time  gained  by  model  scale  greatly 
reduces  the  time  duration  for  the  entire  flight  program. 

Although  the  desired  data  handling  system,  is  quite  important  and 
sophisticated,  there  do  not  appear  to  be  any  real  problems  in  achieving  the 
system  desired. 


The  dynamic  analysis  methods,  i.e.,  inverse  Laplace  transformation, 
harmonic  analysis,  etc.,  for  stability  and  control  computations  have  been 
developed  and  coded  for  the  computer  by  NASA  and  others  and  are  readily 
available.  The  only  possible  problem  envisioned  in  assembling  the  desired 
data  system  would  be  non-compatability  of  programs  with  equipment  at  the 
test  facilities.  This  problem  has  been  encountered  previously,  and  standard 
cortversion  programs  or  minor  input/output  format  changes  will  provide  the 
"fxx".  The  envisioned,  almost  on  line,  data  system  will  probably  not  in¬ 
clude  che  transfer  function  and  power  spectral  density  computations. 

These  computations  should  be  deferred  until  daily  testing  has  ended;  they 
require  considerable  computer  time  and  core  storage  and  would  "tie-up"  the 
facility.  Also,  it  might  be  more  economical  to  perform  these  computations 
on  special  transfer  function  computers  or  sp'ccrum  analyzers  to  obtain 
increased  accuracy. 

The  primary  loads  programs  necessary  for  the  envisioned  system  are  a 
pressure  integration  scheme  and  a  strain  gaugr'  load  calibration  matrix 
with  a  matrix  operation  package.  These  programs  have  been  coded  and  can 
he  found  in  the  computing  library  at  all  wind  tunnel  facilities. 

MODEL  FLY  PROGRAM  SUMMARY 


OBJECTIVE .  The  objective  of  the  MODi  \  FLY  program  is  to  develop  a 
general  testing  technolog.'  whereby  the  flight  leads,  dynamic  response 
characteristics  and  dynamic  stability  and  control  of  full  scale  air  vehicles 
can  be  obtained  from  tests  of  suitably  scaled  models  in  a  wind  tunnel. 

BACKGROUND,  Tt  is  evident  that  in  order  to  accomplish  Che  above 
objective  and  obtain  the  most  _urate  estimate  of  the  dynamic  character¬ 
istics  of  the  vehicle,  the  mod.  must  be  allowed  to  maneuver  in  the  tunnel 
much  as  the  full  scale  air  vehicle  would  in  free  flight.  Therefore,  it  was 
realized  at  the  onset  of  this  program,  that:  existing  schemes  for  testing 
models  would  not  suffice,  dome  wind  tunnel  mounting  schemes,  such  as  hold¬ 
ing  the  model  in  the  tunnel  by  'means  of  wires  or  rods,  do  have  merit.  For 
high  speed  flow,  these  mounts  c  uisc  significant  aerodynamic  interference  and 
impose  restraints  on  the  mo  lei  which  in  effect  do  not  permit  "free  flight". 
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Secondly,  these  other  mounting  systems  were  designed  for  other  purposes, 
e.g.  the  estimation  of  stability  derivatives.  It,  therefore,  became  clear 
that  a  mounting  system  was  required  that  would  provide  the  propulsive  force 
to  "propel"  the  model  with  respect  to  the  air  (restrain  the  model  in  the 
tunnel)  and  yet  add  no  spurious  forces  to  the  model.  Thus,  the  MODEL  FLY 
mounting  scheme  was  conceived . 

LOW-SPEED  DEMONSTRATION  SYSTEM.  The  details  of  the  operation  and 
components  which  make  up  the  system  are  given  below.  It  should  be  empha¬ 
sized  that  the  low  speed  phase  of  this  pre  ram  was  conceived  only  for  the 
purpose  of  demonstrating  the  principles  embodied  in  this  mounting  scheme; 
i.e.  proof  of  model-mount  stability  and  the  ability  of  servo-wings  to  cancel 
the  mount  reactive  forces  on  the  model.  The  demonstration  mount  was  designed 
specifically  for  this  purpose  and  is  shown  in  Figure  4.  It  was  never  in¬ 
tended  to  be  a  prototype  for  larger  scale  mounts  and  it  should  not  be  regard¬ 
ed  as  such. 

Servo-Wings .  As  noted  previously  the  dynamic  mount  was  designed  to 
add  no  spurious  forces  to  the  model  other  than  providing  the  propulsive 
force  required  to  "propel"  the  model  in  the  tunnel.  To  accomplish  this, 
the  effect  of  the  mount  static  and  dynamic  forces  on  the  model  must  be 
eliminated.  Simply  balancing  the  mount  with  the  model  off  so  that  the 
mount  center  of  gravity  is  at  the  center  of  rotation  will  provide  static 
balance.  In  this  way,  the  model  when  flying  at  a  trim  condition  need  only 
provide  a  lift  force  sufficient  to  cancel  its  own  weight.  There  still  re¬ 
mains  the  problem  of  removing  the  mount  force  sensed  on  the  model  resulting 
from  model  acceleration.  This  force  is  mount  inertia  reaction.  Hereafter, 
cancellation  of  this  force  with  an  equal  magnitude  acceleration -phased 
force  will  be  called  "inertia  cancellation". 

The  inertia  cancellation  is  accomplished  by  introduction  of  an  inertia 
nulling  device  denoted  as  servo-wings  and  shown  diagrammatical ly  in  Figure 
5.  Here,  the  servo-wing  is  free  to  pivot  at  a  point  forward  of  the  servo 
wing  center  of  pressure  and  center  of  gravity.  Local  acceleration  is  sensed 
at  the  center  of  gravity  of  this  pendulous  system.  (The  servo  wing  is 
trimmed  to  desired  steady  state  lift  during  operation  by  means  of  a  tab 
located  at  the  trailing  edge  of  the  wing). 

Consider  further  the  behavior  of  the  inertia  nulling  system  illustrated 
in  Figure  5  under  any  input  of  local  acceleration.  Acceleration  causes  the 

driving  force  Msz  which  rotates  the  servo  wing  to  the  angle  Q3  .  Accord¬ 
ingly,  the  lift  force  Ls  is  generated  on  the  servo  wing.  It  is  shown  here 

in  its  correction  directional  sense,  a  directional  sense  which  makes  it 
capable  of  cancelling  a  large  inertia  force  in  the  structure  to  which  it  is 

attached.  The  angle  Q  is  determined  by  the  balance  between  the  inertial 

moment ,  L  and  the  aerodynamic  centering  moeent  • 


FIGURE  4.  LOW -SPEED  MODEL  FLY  DEMONSTRATION 
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FIGURE  5.  SERVO  WING  UNDER  ACCELERATION 


The  servo  wing  assemblies  are  placed  on  che  dynamic  mount  in  such  a 
way  as  to  cancel  entirely  the  inertial  moment  of  the  dynamic  mount  without 
introducing  any  spurious  spring  or  damping  forces .  The  servo  wing  location 
for  the  demonstration  mount  was  selected  to  be  the  forward  and  rear  box 
sections,  since  any  hardware  attached  to  these  sections  will  remain  hori¬ 
zontal  due  to  the  4  bar  (beam)  parallel  linkage  system,  thereby,  sensing 
vertical  acceleration  exactly. 

As  in  the  design  of  any  practical  mechanical  system,  some  criteria  must 
be  set  up  to  ensure  efficient  operation.  For  the  servo  wing  assembly  these 
are: 

1.  Wing  angle,  &a  ,  per  "g"  acceleration  -  This  value  must  be  low 
enough  so  th^c  the  wing  operates  over  its  most  efficient  and 
practical  aerodynamic  range.  The  parameters  which  affect  this 
quantity  are  determined  from  a  summation  of  the  moments  over  the 
airfoil.  Consider  Figure  5  once  again.  Summation  of  the  quasi¬ 
static  moments  at  the  pivot  point  gives  (written  about  the  trim 
angle) 

-  U3  icp.  Qs  =  Msic^.z  (1) 
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Solving  for  wing  angle 
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Therefore,  changing  any  of  these  parameters  will  affect  the  wing 
angle  per  g.  However,  because  of  other  equations  (to  follow) 
which  must  be  satisfied,  only  two  variables  for  each  velocity 
remain  which  directly  control  this  equation.  They  are 


(2) 


and 
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the  lift  curve  slope  and  servo  wing  area  respectively. 


2.  Low  pitch  inertia  -  This  ensures  that  the  wing  will  have  good 
dynamic  response  (high  natural  frequency) .  To  accomplish  this 
in  the  present  design,  the  wing  was  constructed  of  foam  plastic 
with  a  fiberglas  cover.  This  construction  results  in  a  wing  of 
high  strength  and  stiffness. 

3.  High  structural  rigidity  -  This  ensures  that  servo  wing  flutter 
speed  will  be  well  above  any  operating  velocity.  This  would  be 
a  compromise  with  the  aforementioned  criterion  #2,  since  high 
rigidity  would  probably  also  cause  an  increase  in  overall  weight 
and,  therefore,  inertia. 

It  is  probably  quite  apparent  that  there  exist  means  by  which  the 
amount  of  inertia  to  be  cancelled  can  be  approximately  predicted.  If  it  is 
assumed  that  all  the  weight  of  the  mount  acts  as  a  point  mass  at  the  servo 


wing  rotation  points,  then  from  a 
one  wing 


summation  of  the  quasi-static  forces  for 


h 


(3) 


where  1^  is  the  inertia  of  the  mount  and  P  is  the  distance  from  the  mount 
rotation  point  to  the  servo-wing  pivot  point . 


Combining  Equations 


(2)  and  (3) 

M,  L 


*-'?•=  L 


(*) 


inspection  of  this  quasi-static  equation  written  for  steady-state  acceler¬ 
ation  shows  that  inertia  cancelling  is  not  a  function  of  wind  tunnel 
velocity;  an  important  result  since  barring  compressibility  effects  the 
same  wing  could  operate  over  the  entire  speed  range.  (However,  ,  the 
distance  between  the  pivot  point  and  the  center  of  pressure,  can  change  with 
Mach  number  and  angle  of  attack  or  both).  Equation  (4)  was  derived  for  one 
wing  only.  To  obtain  the  total  inertia  cancellation  capability  of  the  sys¬ 
tem,  the  left  hand  side  of  Equation  (4? must  be  multiplied  by  Che  total  number 
of  servo  wings  utilixed. 

A  complete  dynamic  analysis  has  been  performed  on  servo  wings.  This 
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analysis  included  such  input  parameters  as 


Mass  of  mount 

Mass  of  model 

Servo-wing  inertia 

Tunnel  velocity 

Dynamic  pressure 

Servo-wing  aerodynamic  terms 

Servo-wing  aerodynamic  damping  terms 

Servo-wing  geometry  (M  wings,  W  wings,  thickness) 


Plots  and  cross -plots  were  made  for  such  variables  as  natural  frequency 


versus  ,  CM  ,  Ic.p  and 

variables . 


and  damping  ratio  versus  these  same 


It  has  been  found  that  Equation  4  presents  a  good  first  order  approxi¬ 
mation  to  this  complete  dynamic  analysis  so  long  as  the  natural  frequency 
of  the  servo-wing  is  about  one  octave  higher  than  the  mount  natural  fre¬ 
quency  . 
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Several  sets  of  servo-wings  were  constructed.  Originally  a  wing-tail 
configuration  was  tried;  the  addition  of  the  tail  added  so  much  inertia  that 
an  impractical  system  resulted.  Wings  of  delta  planform  were  also  tried  but 
were  discarded  because  of  their  inferior  inertia  and  aerodynamic  properties 
in  the  low  speed  range. 

The  fixture  holding  the  servo-wing  to  the  rod  is  illustrated  in 
Figure  6. 

Dynamic  Mount.  The  demonstration  dynamic  mount  shown  in  Figure  4  was 
designed  to  support  the  model  in  the  wind  tunnel  test  section,  yet  add  to 
the  flying  model  no  spurious  forces,  that  is,  forces  or  moments  not  felt  by 
the  flying  prototype.  The  basic  components  of  the  dynamic  mount  are  two 
main  beams,  upper  and  lower,  supporting  a  sting  at  the  forward  end  and  a 
drag  compensator  at  the  aft  end.  The  motions  of  b~th  sting  and  drag  compen¬ 
sator  are  constrained  to  be  translatory  by  the  two  beams  since  the  beam 
linkage  points,  center  and  ends,  are  along  two  parallel  lines,  thus  leaving 
the  sting  and  drag  compensator  horizontal  at  all  times.  The  model  is 
attached  to  the  sting  by  a  pivot  at  the  model  c.g.  The  two  beams  are 
pivoted  at  their  centers  to  the  two  vertical  members  denoted  as  the  pylon. 


FIGURE  7. SERVO  WING  AXIS  OF  ROTATION  %  c 


The  purpose  of  the  drag  compensator,  pictured  in  Figure  4,  is  to  pro¬ 
vide  a  drag  moment  on  the  linkage  which  nominally  cancels  the  model 
destabilizing  drag  moment.  By  adjusting  the  angle  between  the  two  hinged 
plates,  a  drag  force  can  be  obtained  which  creates  sufficient  moment  to 
balance  the  pitching  moment  due  to  the  trim  drag  of  the  model. 

In  designing  the  dynamic  mount  it  was  always  sought  to  keep  the 
strength  to  weight  ratio  at  a  maximum.  Aluminum  structure  and  balsa  wood 
fairings  were  used  for  this  purpose. 

Tests .  Tests  were  conducted  at  the  University  of  Michigan  low  speed 
wind  tunnel  during  the  spring  of  1962.  These  tests  were  performed  on  a 
basic  mount-spring  configuration  without  servo-wings,  on  the  mount-spring 
configuration  with  servo-wings,  and  on  the  complete  system  with  model 
attached  (no  springs).  The  tests  on  the  basic  mount-spring  configuration 
with  and  without  servo-wings  were  conducted  to  measure  the  inertia  cancell¬ 
ing  capabilities  of  the  servo-wings.  The  tests  with  the  model  were  to 
demonstrate  overall  mount-model  stability. 

Results .  The  tests  satisfactorily  demonstrated  that  significant 
inertia  cancelling  is  possible.  With  certain  configurations  some  stability 
problems  were  encountered  with  the  servo-wings  and  mount  coupling  to  form 
a  limited  amplitude  instability.  This  instability  is  predictable  and  pre¬ 
ventable.  The  model  was  flown  on  the  mount  and  encountered  no  stability 
problems.  Noticeable  changes  in  model  response  were  observed  as  increasing 
amounts  of  inertia  were  cancelled.  Figure  7  illustrates  measured  and  first 
order  predicted  inertia  cancelling  capabilities  for  a  typical  configuration 

CURRENT  PROGRAM.  The  current  MODEL  FLY  program  retains  the  objectives 
that  have  been  basic  with  the  project  since  inception.  A  dynamic  mount  is 
now  being  developed  that  will  be  capable  of  passively  following  a  maneuver¬ 
ing  aeroelastic  model  in  transonic  flow.  The  16-foot  PWT  transonic  wind 
tunnel  at  AEDC  is  the  facility  that  has  been  selected  for  this  installation 

Mount  Requirements.  The  mount  will  be  capable  of  acceleration  rates 
of  up  to  70  g's,  velocities  of  160  feet  per  second,  frequency  response  of 
at  least  30  cycles  per  second,  and  angular  rates  of  up  to  300  degrees  per 
second.  The  mount  will  be  able  to  support  dynamic  loads  at  sting  end  of  up 
to  2500  pounds.  It  is  planned  for  the  first  development  phase  to  de’.elop 
the  mount  for  only  the  pitch  plane,  i.e.  vertical  translation  and  pitch. 
Later  phases  extend  the  mount  to  the  yaw  and  roll  planes  and  into  the  16 
foot  supersonic  wind  tunnel  at  AEDC. 

Model  Requirements.  A  model  of  a  recent  high  performance  aircraft 
(probably  the  F-106)  will  be  developed  with  a  capability  for  maneuvering 
at  scaled  maximum  normal  load  factor,  flying  with  its  own  control  surfaces 
through  stability  and  control  maneuvers,  and  measuring  distributed  load 
values,  and  response  criteria.  This  model  in  the  case  of  the  F-106  would 
probably  be  a  0.10  scale,  weigh  approximately  30  pounds,  maneuver  at  normal 
load  factors  of  70  g's,  and  measure  approximately  50  parameters  while 
dynamically  maneuvering. 
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Inertia  Cancelling  Device.  Pure  seismic  servo-wings  in  high  speed  - 
especially  transonic  flow  are  not  suitable  for  the  inertia  cancelling  re¬ 
quirements.  This  is  due  to  the  center  of  pressure  shift  with  Mach  number 
and  with  angle  of  attack  change.  A  series  of  M  and  W  wings  were  tested  at 
AEDC  in  an  attempt  to  find  a  configuration  which  exhibited  a  C.P.  shift 
within  the  desired  tolerance  over  a  reasonable  Mach  number  range  -  none  were 
found.  Consequently,  it  has  been  decided  to  use  one  of  two  potentially  sat¬ 
isfactory  means  for  accomplishing  inertia  cancellation.  These  methods  are 
large  hydraulic  actuators  which  by  cables  would  move  the  sting  as  prescribed, 
or  servo  augmented  wings  which  would  not  depend  on  external  conditions  for 
control.  There  is  also  a  possibility  of  using  both  servo  augmented  wings 
and  large  actuators  in  combination,  the  large  actuators  for  high  amplitude, 
low  frequency  following  and  the  servo  wings  for  the  higher  frequency 
perturbations . 

Schedule ♦  Current  PERT  schedules  indicate  that  testing  in  the  AEDC 
wind  tunnel  will  commence  in  about  18  months  with  the  complete  pitch  plane 
system  checked  out  and  ready  for  use  in  about  30  months .  A  very  simple  PERT 
chart  for  this  program  is  shown  in  Figure  8.  This  PERT  chart  depicts  the 
interactions  of  some  of  the  major  considerations  of  the  program. 

CONCLUSIONS 

In  summary,  it  can  be  said  that  the  considerations  for  the  application 
of  aeroelastic  modeling  techniques  to  the  determination  of  structural  loads 
and  stability  and  control  characteristics  have  been  presented.  It  can  be 
concluded  that: 
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1.  The  required  aeroelastic  modeling  extension  is  feasible  and  does 
not  represent  a  severe  extrapolation  of  the  present  state  of 
modeling  technology. 

2.  The  modeling  extensions  proposed  will  provide  a  significant  new 
"development  tool"  for  the  vehicle  designer. 

3.  The  proposed  modeling  and  testing  technique  would  yield  a  signi¬ 
ficant  cost  and  time  savings  during  prototype  development. 

4.  The  major  technological  status  improvement  required  is  the  develop¬ 
ment  of  a  mounting  system  with  adequate  frequency  response  to 
passively  follow  a  maneuvering  model. 
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APPENDIX  A 


DIMENSIONLESS  IT  PARAMETERS 


This  appendix  lists  the  dimensionless  TX  parameters  that  completely 
described  the  prototype  system.  Their  derivation  can  be  found  in  Reference 
(7).  The  prototype  can  be  described  as  a  structurally  elastic,  winged 
vehicle,  flying  through  a  viscous,  compressible  fluid,  air,  at  a  particular 
altitude  and  velocity  relative  to  inertial  or  fixed  space.  The  para¬ 
meters  which  completely  describe  the  environment,  motions,  geometry  and 
forces  acting  on  the  prototype  are: 
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Relative  Stiffness  Parameter 

Non-dimensional  Deflection 

Non-dimensional  Time 

Ratio  of  Specific  Heats 
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Dimensionless  Mass  Distribution 

Length  Distribution,  i.e.,  Thickness  Distribution 
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Pitch  Angle 

Angle  of  Attack 

Yaw  Angle 

Roll  Angle 

Sideslip  Angle 
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DYNAMIC  TESTING  TECHNIQUES  FOR  A  WIND  TUNNEL  MODEL 


G.  L.  Kugler 

General  Dynamics/  Astronautics 


ABSTRACT 


This  paper  presents  testing  methods  and  techniques  which  were  used  to  define 
the  structural  dynamic  characteristics  of  wind  tunnel  models.  These  models  and 
techniques  were  developed  for  a  wind  tunnel  test  program  on  ground  wind  induced 
oscillatory  loads  on  Atlas  Space  Launch  Vehicles.  Models  of  nine  different  space 
launch  vehicles,  utilizing  the  Atlas  Space  Booster,  were  tested.  The  1/15  scale 
aluminum  model  was  so  constructed  as  to  facilitate  the  simulation  of  various  pro¬ 
pellant  loads  with  the  resultant  varying  dynamic  parameters.  The  structural  dy¬ 
namic  characteristics  of  interest  were  the  damping  factor  of  the  first  bending 
mode,  the  first  elastic  mode  shape,  the  first  mode  frequency,  and  load  deflection 
information.  Discussion  will  include  the  model  excitation  method,  vibration 
measurements,  model  instrumentation,  and  certain  model  construction  details. 
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RDT-TDR-6 3-4197 ,  PART  I 


DYNAMIC  TESTING  TECHNIQUES  FOR  A  WIND  TUNNEL  MODEL 

G.  L.  Kugler 

General  Dynamics/Aatronautica 


Ground  wind  induced  oacillationa  of  apecific  missile  and  payload 
configurations  were  studied  recently  by  General  Dynamics/Aatronautica 
in  the  12-foot  pressure  wind  tunnel  at  NASAs  Ames  Research  Center*  (1, 

2,  3)  In  order  to  extrapolate  prototype  behavior  from  model  studies, 
it  was  necessary  to  determine;  for  each  configuration  and  in  several 
orientations,  the  frequency,  shape,  and  damping  factor  of  the  first 
elastic  mode,  together  with  the  oscillatory  load-deflection  relation¬ 
ship.  Ground  wind  induced  oscillations,  normal  to  the  wind,  are  caused 
by  vortex  shedding  around  a  cylindrical  body*  The  problem  is  further 
complicated  by  various  protuberances  extending  from  a  cylindrical¬ 
shaped  vehicle.  (4,  5) 

Program  management  was  under  the  direction  of  the  Air  Force  Space 
Systems  Division  with  technical  direction  provided  by  the  Aerospace 
Corporation.  Tests  were  conducted  to  determine  the  critical  orientation 
of  the  vehicle  protuberances  with  respect  to  wind  direction  and  speed, 
the  effect  of  surface  roughness,  and  the  effects  of  tanking  conditions. 
The  various  umbilical  towers  were  also  simulated.  Vehicles  simulated 
included  the  Atlas  booster  as  a  first  stage,  Centaur  and  Agena  second 
stage  configurations  with  Ranger  and  other  payloads.  The  wind  tunnel 
test  resume  will  be  presented  in  a  General  Dynamics/Astronautics '  report 
by  E.  F.  Gaffney.  A  general  discussion  on  the  results  of  ground  wind 
induced  oscillations  is  being  published.  (6) 

Knowledge  of  certain  structural  dynamic  characteristics  was 
required  in  order  to  predict  full-scale  vehicle  response  from  the 
model  study.  It  was  necessary  to  determine  these  characteristics  with 
the  model  mounted  in  the  wind  tunnel,  due  to  the  contribt  .ing  influence 
of  the  wind  tunnel  response  on  the  model.  In  order  to  test  a  model 
which  would  retain  relatively  constant  dynamic  characteristics,  certain 
model  design  criteria  were  suggested  by  the  Ames  Research  Center 
personnel.  This  paper  describes  the  model  fabrication,  and  techniques 
and  equipment  used  to  determine  the  dynamic  characteristics. 

TEST  PARAMETERS 

The  wind  tunnel  test  program  covered  models  of  nine  separate 
booster/payload  configurations  including  several  payloads  with  and  with¬ 
out  environmental  shrouds.  Three  tanking  conditions  were  simulated  for 
each  configuration  tested.  A  design,  to  meet  the  above  requirements, 
resulted  in  a  model  with  1)  basic  assemblies  which  could  be  used  with 
several  configurations,  2)  ease  of  assembly  for  rapid  configuration 
changes,  3)  structural  rigidity  between  sections  to  insure  relatively 
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consistent  damping  coefficient. 

Prior  to  each  wind  tunnel  test,  it  was  necessary  to  determine  the 
first  elastic  node  frequency,  shape,  damping  factor,  and  oscillatory 
load  deflection  relationship  for  each  model  configuration  in  the  drag 
and  lateral  directions.  In  addition  the  damping  factor  was  determined 
each  tine  the  nodel  was  moved  on  the  mounting  pedestal*  The  first  elastic 
node  frequency  was  in  the  range  of  15  to  70  cps  and  tne  damping  factor  in 
the  range  of  0.001  to  0.008  for  the  various  models.  Maximum  design 
bending  nonent  on  the  model  pedestal  was  in  the  range  of  65,000  and  95,000 
in.  lb.  for  the  different  models. 

MODEL  FABRICATION 

The  model,  as  shown  in  Figure  No.  1,  was  built  in  sections  such 
that  the  basic  assembly  could  be  used  in  several  of  the  different  models* 
The  lower  section,  or  Atlas  portion,  was  used  with  all  of  the  models. 

Two  interchangeable  midsections  were  fabricated  simulating  the  Agena  or 
the  Centaur.  The  forward  section  consisted  of  the  appropriate  different 
payloads  for  the  Agena  and  Centaur.  All  protuberances  extending  from 
the  basic  cylindrical  structure  of  the  prototype  such  as  fairings,  pods, 
ducting,  and  cable  ways  were  included  on  the  model.  These  protuberances 
were  removed  and/or  replaced  when  changing  from  one  model  configuration 
to  another  such  as  from  Agena  B  to  Agena  D. 

The  1/15  scale  basic  model  was  machined  from  aluminum  forgings  and 
heat  treated.  The  protuberances  were  attached  with  small  machine  screws. 
All  screw  head  holes  were  filled  with  dental  cement.  The  entire  model 
was  then  polished  to  approximately  a  20-microinch  finish.  The  sections 
of  the  model  were  bolted  together  at  internal  flanged  interfaces, 
assembling  from  the  aft  end  forward.  Access  for  bolting  the  payload 
section  to  the  midsection  was  gained  by  removing  a  threaded  nose  cap. 

Additional  weight,  to  simulate  various  propellant  load  conditions, 
and  thereby  changing  the  fundamental  frequency, was  added  to  the  inside 
of  the  model  by  several  means.  Weight  was  added  to  the  Agena  and  Centaur 
midsection  by  attaching  one  of  several  solid  steel  cylinders.  The 
cylinder  was  screwed  into  the  forward  end  of  the  lower  section  and 
clamped  to  the  forward  end  of  the  midsection.  Weight  was  added  to  the 
Atlas  body  by  bolting  a  steel  slug  to  the  aftside  of  the  forward  flange 
of  the  lower  section.  Additional  weight  was  added  to  the  payloads  by 
filling  with  "Cerrohend",  or  bolting  steel-jacketed  lead  slugs  to  the  nose 
cap. 


The  model  was  mounted  on  a  compliant,  instrumented  pedestal  which  was 
bolted  to  the  wind  tunnel  floor.  A"Marmod'  clamp  attached  the  model  to 
the  pedestal  and  afforded  an  infinite  number  of  model  orientations  with 
respect  to  wind  direction.  Five  interchangeable  pedestals,  each  with  a 
different  spring  rate  resulting  in  a  fundamental  frequency  change  of 
approximately  1  to  3  cps,  were  used  as  a  method  of  varying  the  first  modal 
frequencies  of  a  given  configuration. 

The  umbilical  towers  associated  with  various  payloads  were  also 
modeled.  Two  umbilical  towers  were  used  with  the  Agena,  AMR  and  PMR  launch 


complexes,  and  a  third  for  the  Centaur  complex.  The  towers  were 
orientated  according  to  model  position  in  the  wind  tunnel. 


DYNAMIC  TESTING  EQUIPMENT 


In  order  to  obtain  the  maximum  number  of  wind  tunnel  tests  in  a 
given  time  pertiod,  certain  criteria  and  limitations  were  imposed  on 
the  type  and  usage  of  the  dynamic  test  equipment.  As  it  was  necessary 
to  determine  the  above  mentioned  structural  dynamic  parameters  for  each 
configuration  or  orientation  change,  it  was  highly  desirable  to  have 
test  equipment  that  could  easily  be  placed  in  the  tunnel,  setup  and 
operated.  To  this  end,  plus  the  required  performance  capability,  the 
test  equipment  was  selected. 
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The  test  equipment  required  to  obtain  the  structural  dynamic 
information  consisted  of  a  very  simple  setup.  The  equipment  included  a 
small  (20-pound  peak  force  output)  permanent  magnet  electro-dynamic 
vibration  exciter  as  shown  in  Figure  No.  2.  The  exciter  was  driven  and 
controlled  by  an  audio  amplifier  and  signal  generator.  The  vibration 
exciter  was  mounted  in  a  trunnion  such  that  the  drive  link  and  exciter 
could  be  rotated  up  and  away  from  the  model  for  complete  mechanical 
decoupling.  The  exciter  and  trunnion  assembly  was  supported  on  a 
tripod  which  could  be  adjusted  for  height  alignment  with  the  different 
models.  Weight  of  the  vibration  exciter  system  was  approximately  80  lbs. 
The  vibration  exciter  system  was  essentially  seismic  in  the  frequency 
range  of  interest.  The  remainder  of  the  test  equipmer  '  consisted  of  two 
strain  gage  type  accelerometers  operating  through  a  carrier  amplifier 
system  to  a  direct  writing  oscillographic  recorder,  voltmeter,  and  an 
oscilloscope. 

Instrumentation  on  the  model  consisted  of  strain  gages  mounted  on 
the  pedestal  calibrated  to  measure  bending  moment  in  the  direction  of 
wind  (drag)  and  normal  to  the  wind  (lateral)-  The  strain  gage  bridges 
were  attached  to  the  inside  of  the  pedestal  in  such  a  manner  as  to 
provide  temperature  compensation  and  to  respond  to  strain  caused  from 
bending  only.  During  the  first  series  of  tests,  strain  gage  type 
accelerometers  were  used  to  measure  drag  and  lateral  vibratory  accele¬ 
ration.  The  accelerometers  were  located  in  the  payiv&d  section  of  the 
model.  The  strain  gage  bridges  located  in  the  pedestals  were  excited 
and  the  signals  amplified  by  a  carrier  amplifier  system.  The  amplified 
signals  were  then  paralleled  into  a  direction  writing  oscillographic 
recorder,  tape  recorder,  oscilloscope  and  a  voltmeter.  Calibration  of 
the  strain  gaged  pedestals  was  accomplished  by  applying  a  steady  state 
load  at  a  given  moment  arm  through  a  dummy  aft  section.  The  strain 
gage  type  accelerometers  were  dynamically  tested  m  the  laboratory  for 
amplitude  linearity  and  frequency  response.  In  the  wind  tunnel  the 
accelerometers  were  calibrated  by  the  flip-flop  static  melnod.  The 
calibrations  were  repeated  each  lime  a  signal  cable  was  disconnected. 

DYNAMIC  TESTING  TECHNIQUES 

The  first  modal  frequency  was  determined  by  manually  striking  the 
model  while  recording  a  response  signal  on  an  electrically-timed  record. 
This  frequency  would  then  be  tuned  in  on  the  vibration  exciter  oscil¬ 
lator. 
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The  mode •  shape  for  each  model  configuration  was  determined  by 
exciting  the  model  at  the  first  modal  frequency  and  measuring  the 
response  at  several  predetermined  longitudinal  locations.  The 
vibration  exciter,  mounted  on  the  tripod,  was  attached  with  a  steel 
band  around  a  cylindrical  portion  of  the  model.  The  model  was  vibrated 
at  approximately  one-third  the  maximum  design  bending  moment  as 
measured  at  the  pedestal.  Response  measurements  were  then  taken  at 
each  of  the  several  predetermined  locations  by  moving  the  accelerometer 
from  one  location  to  the  next  while  maintaining  a  constant  oscillatory 
peak  bending  moment.  The  bending  mode  response  data  was  normalized 
and  plotted  as  the  measurements  were  taken,  thus  greatly  reducing  the 
chance  of  error. 

The  oscillatory  deflection  bending  moment  relationship  was  deter¬ 
mined  using  the  same  vibration  :xcitation  setup  as  described  for  the 
mode  shape  determination.  Payload  deflection  was  measured  by  the  use 
of  a  visual  sight  gage  which  takes  advantage  of  the  persistence  of  the 
human  eye.  Deflection  was  held  constant  at  a  nominal  distance,  such  as 
1/8  or  1/4  inch  peak-to-peak,  while  the  oscillatory  strain  (read  as 
bending  moment) was  recorded. 

The  damping  factor  was  determined  each  time  the  model  configuration 
or  orientation  was  changed.  The  model  was  excited  with  the  same 
equipment  as  previously  described  with  the  exception  that  the  mechanical 
linkage  attaching  the  exciter  to  the  model  could  be  completely  decoupled 
during  model  vibration.  The  coupling  mechanism  consisted  of  a  truncated 
cone,  attached  to  the  vibration  exciter  stinger,  which  was  mated  into  a 
similar  cone  attached  to  the  steel  band  around  the  model.  The  act  of 
decoupling  the  exciter  was  accomplished  manually.  The  damping  factor 
was  obtained  by  exciting  the  model  at  the  first  modal  frequency,  at  an 
amplitude  of  maximum  design  bending  moment,  and  completely  disconnecting 
the  vibration  exciter  while  recording  the  bending  moment  and  subsequent 
decay.  The  value  of  the  damping  factor  was  then  calculated  for  quick- 
look  information  by  dividing  the  constant  0.11  by  the  number  of  cycles 
for  the  amplitude  to  decay  50%. 

CONCLUDING  REMARKS 

The  use  of  the  portable  seismic  vibration  exciter  and  other 
associated  test  equipment  to  obtain  the  desired  dynamic  information  was 
accomplished  in  approximately  25%  of  the  time  required  using  a  previous 
method.  To  date  over  200  runs  have  been  conducted  with  a  time  savings 
of  one  to  three  hours  per  run.  Accuracy  of  the  damping  factor  by 
■mechanically  decoupling  the  vibration  exciter  from  the  model,  was 
improved  by  20  to  100%  over  the  previous  method  of  electrically  discon¬ 
necting  the  vibration  exciter. 
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A  NEW  "FREE-FLIGHT"  MOUNT  SYSTEM  FOR  HIGH-SPEED 


WIND-TUNNEL  FLUTTER  MODELS 
By  Wilmer  H.  Reed  III  and  Frank  T.  Abbott,  Jr. 


NASA  Langley  Research  Center 


ABSTRACT 


Wind-tunnel  investigations  of  aeroelastic  models  often  require  that  rigid 
body  as  well  as  elastic  modes  of  the  test  article  be  simulated.  In  effect,  the 
mount  system  must  allow  the  model  to  be  "flown"  in  the  test  section  and  have 
negligible  aerodynamic  interference  at  transonic  Mach  numbers.  Such  a  system 
has  been  developed  for  flutter  and  gust  response  investigations  on  complete 
models  in  the  NASA  Langley  transonic  dynamics  tunnel.  The  system  consists  of 
a  pair  of  cables  which  pass  through  pulleys  in  the  model  and  run  upstream  and 
downstream  of  the  test  section  in  mutually  perpendicular  planes.  Stability 
and  natural  frequencies  of  the  cable-supported  model  are  controlled  by  the  pre¬ 
load  tension  in  a  spring  in  one  of  the  cables.  The  paper  describes  some  eval¬ 
uation  tests  and  presents  a  stability  analysis  which  shows  the  influence  of 
various  parameters  that  govern  dynamic  characteristics  of  the  system. 
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RTD-TDR-63-4197,  PART  I 

A  NEW  "FREE-FLIGHT”  MOUNT  SYSTEM  FOR  HIGH-SPEED 

WIND-TUNNEL  FLUTTER  MODELS* 

By  Wilmer  H.  Reed  III  and  Frank  T.  Abbott,  Jr. 

NASA  Langley  Research  Center 


INTRODUCTION 


Wind-tunnel  investigations  in  such  areas  as  flutter,  gust  response, 
dynamic  stability  and  the  like  often  require  that  the  dynamic  behavior  of  the 
test  article  in  free  flight  be  simulated.  For  example,  flutter  instabilities 
on  an  aircraft  may  involve  interaction  between  elastic  and  rigid-body  modes. 
If,  in  wind-tunnel  studies  of  the  problem,  these  modes  are  significantly 
altered  by  constraining  forces  associated  with  the  model  support  device,  cor¬ 
responding  alterations  in  the  flutter  characteristics  of  the  model  as  compared 
with  those  of  the  free-flying  aircraft  might  be  expected.  On  the  other  hand, 
if  the  model  is  mounted  in  some  arbitrary  manner  that  might  permit  simulation 
of  free-flight  rigid-body  modes,  we  have  no  guarantee  that  the  resulting  sys¬ 
tem  will  be  satisfactory.  In  fact,  without  careful  consideration  of  the 
dynamics  of  the  overall  system,  violent  instabilities  may  occur,  making  the 
dynamic  behavior  of  the  model  on  its  mount  strikingly  different  from  what  it 
would  be  in  free  flight. 


■rhe  present  paper  concerns  a  new  free-flight  mount  system  that  has  been 
developed  for  flutter  and  gust  response  studies  in  the  NASA  Langley  transonic 
dyna  Lcs  tunnel.  Practical  experience  with  the  present  and  some  earlier  mount 
systems  is  described,  and  r  stability  analysis  presented  to  show  the  influence 
of  various  controllable  parameters  on  the  dynamic  characteristics  of  the 
system. 


SYMBOLS 


horizontal  distance  between  center  of  gravity  and  outer  cable- 
tang  ency-  point  on  rear  pulleys  (positive  when  c.g.  ahead  of  rear 
pulleys) 


spun  of  wing 

mean  aerodynamic  chord 


Patent  applied  for. 
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S  V 


coefficients  in  longitudinal  equations  of  motion 


aij^i^Cij 


aij^ij^ij 


coefficients  in  lateral  equations  of  motion 


d  horizontal  distance  between  model  plane  of  symmetry  and  outer  cable- 

tangency-point  on  rear  pulleys 

e  horizontal  distance  between  model  center  of  gravity  and  outer  cable- 

tangency-point  on  front  pulleys 

g  acceleration  due  to  gravity 

h  vertical  distance  between  model  center  of  gravity  and  outer  cable- 

tangency-point  on  front  pulleys 

Ixz  product  of  inertia 

k  spring  constant 

cable  stiffness  influence  coefficient  giving  increment  in  cable 
restraining  forces  or  moments  in  mode  i  due  to  unit  deflection 
in  mode  j 

!i  length  of  cable  i  from  wall  attachment  point  outer  cable-tangency- 

point  on  pulley  i 

L,M,N  roll,  pitch,  and  yaw  moments  about  x-,  y-,  and  z-axes,  respectively 

m  mass  of  model  including  pulleys 

Ngp  static  stick-fixed-neutral  point 

q  dynamic  pressure,  -pU2 

rx,ry,rz  radius  of  gyration  about  x-,  y-,  and  z-axes,  respectively 


s  Laplace  operator 

S  wing  area 

T  cable  tension 

U  wind-tunnel  test-section  velocity 


W  weight  of  model  including  pulleys 

x,y,z  displacement  coordinates  of  model  center  of  gravity 


X,Y,£  external  forces  on  model 


CD 


Drag 

qS 


coefficient  of  drag, 


Cj)  at  a  =  0 


coefficient  of  lift, 


at  a  =  0 


rolling-moment  coefficient. 


Rolling  moment 


pitching- moment  coefficient. 


Pitching  moment 


Cm  at  a  =  5  =  0 


yawing-moment  coefficient, 


Yawing  moment 


side-force  coefficient, 


Side  force 


angle  of  attack,  e0  +0  +  ^ 


angle  of  sideslip,  jj  -  \|f 


Pp, 02  angle  in  vertical  plane  between  x  axis  and  cables  1  and  2, 
respectively 


angle  in  horizontal  plane  between  x  axis  and  cables  J  and  4, 
respectively  (for  trimmed  flight  Pj  =  Pi;  =  Pr) 


angle  in  horizontal  plane  between  x  axis  and  rear  cables  for 
trimmed  flight 


elevator  deflection  angle  for  trimmed  flight 


effective  viscous  damping  ratio  of  mount  in  mode  i  for  no  wind 
condition 


damping  ratio  of  model  in  flight 


real  part  of  root  of  characteristic  equation 


pitch  angle  pertubation  from  trim  condition 


pitch  angle  of  trimmed  flight 


0  «  0n  ♦  0 


mass  density  of  wind-tunnel  test  medium 


. . 


CT  = 

2m 


t 

CD 


angle  of  roll 
angle  of  yaw 
circular  frequency 


U>-i 


.hi 

V  m 


1%  undamped,  natural  frequency 

Stability  derivatives  are  indicated  by  subscript  notation;  for  example: 


C7_  = 


dC, 


ate 

\2U 


Gnp  = 


dCL 


ate 

2U 


P  _  a°m 


ate 

i2U 


ac. 


Cvn  = 


acT 


yp  ap 

Subscripts: 

1,2, 3, 4  cable  numbers  (see  fig.  12) 
F  front 


La  =  aa 


etc. 


rear 


GENERAL  REMARKS 


Mount  System  Requirements 


Let  us  consider  some  general  requirements  which  represent  desirable  and 
perhaps  essential  features  in  a  free- flight  mount  system  (see  fig.  l).  First, 
the  system  should  provide  a  soft  support  such  that  the  natural  frequencies 
associated  with  the  mount  are  well  below  the  frequencies  of  the  free-flight 
rigid  body  and  elastic  modes  of  interest.  A  soft  support  implies  that  the 
model  should  be  given  freedom  to  respond  with  large  amplitude  motions .  A 
second  requirement  is  that  moving  masses  associated  with  the  mount  are  negli¬ 
gible  relativ..-  to  the  total  mass  of  the  test  article.  Also,  aerodynamic 
interference  associated  with  mount  structure  exposed  to  the  airstreum  should 
be  low,  especially  if  the  system  is  to  be  operated  at  high  subsonic  or  tran¬ 
sonic  Mach  numbers.  Another  very  Important  requirement  is  that  the  system 
have  both  static  and  dynamic  stability  under  all  operating  conditions.  In 
coses  where  it  is  necessary  to  simulate  the  steady- state  air  loads 
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corresponding  to  level  flight  (Froude  number  simulation),  the  mount  should  be 
capable  of  applying  a  steady  vertical  force  to  the  model  which  is  essentially 
independent  of  model  motions.  Finally,  a  simple,  passive  system  is  preferred 
over  one  requiring  black  boxes  or  other  complex  gadgetry  in  order  to  meet  the 
above  requirements. 


Some  Typical  Systems 

Various  techniques  for  mounting  dynamic  wind-tunnel  models  have  been  pro 
posed  (see,  for  example  ref.  l).  Some  typical  systems  with  which  the  authors 
are  familiar  will  be  discussed  with  the  aid  of  schematic  diagrams  shown  in 
figure  2.  (Motion  pictures  illustrating  the  performance  of  models  utilizing 
these  systems  are  presented  in  the  oral  version  of  the  paper. )  The  tow-line 
mount  system,  described  in  reference  2,  has  low  aerodynamic  interference  and 
provides  considerable  freedom  of  motion  for  the  model  in  all  but  the  longi¬ 
tudinal  direction.  The  major  drawback  of  the  system  is  that  a  complex,  fast- 
response,  autopilot  is  generally  required  in  order  to  achieve  satisfactory 
lateral  stability  and  keep  the  model  flying  within  the  confines  of  the  tun¬ 
nel  test  section.  With  the  endless  wire  mount  system  the  model  is  attached 
to  a  vertical  wire  which  passes  through  pulleys  outside  of  the  tunnel  to  form 
a  continuous  loop.  While  this  system  has  a  number  of  desirable  qualities 
previously  mentioned,  it  was  found  that  models  mounted  in  this  way  tended  to 
become  unstable  in  yaw.  The  vertical  rod  mount  system  was  developed  by 
Boeing  Airplane  Company  and  has  been  used  successfully  in  low-speed  wind- 
tunnel  tests  for  many  years  (see  refs.  3  and  4).  At  transonic  Mach  numbers, 
however,  shock  waves  generated  by  the  rod  support  become  a  problem  as  well  as 
deflections  of  the  rod  under  high  drag  loads.  The  mount  system  which  appears 
to  satisfy  the  greatest  number  of  the  previously  mentioned  requirements  is 
the  two-cable  mount,  which  is  the  subject  of  the  present  paper. 


TWO-CABLE  MOUNT  SYSTEM 


Description 


The  basic  two-cable  mount  system  is  shown  schematically  in  figure  5. 
The  model  is  held  by  two  cable  loops,  one  extending  to  the  tunnel  walls  In 
the  upstream  direction  and  the  other  in  the  downstream  direction.  One  loop 
lies  in  a  vertical  plane  (either  upstream  or  downstream  as  best  suits  the 
model)  and  the  other  loop  is  in  a  horizontal  plane.  Kach  cable  loop  passes 
through  pulleys  located  within  the  fuselage  contour.  The  cables  are  kept 
under  tension  by  stretching  a  soft  spring  Ln  the  rear  cables.  The  model 
has  freedom  to  translate  horizontally  and  vertically  as  well  as  to  rotate 
in  pitch,  roll,  and  yaw.  With  springs  in  both  cables  the  model  can  also  be 
given  freedom  to  translate  fore  and  aft. 


Since  the  model  has  considerable  freedom  of  motion,  it  is  necessary  t« 
provide  remote  trim  controls  to  keep  it  centered  in  the  funnel  throughout  the 
test  range.  Usually  only  pitch  and  roll  trim  control  are  repaired.  Experi¬ 
ence  has  shown  that  models  can  be  easily  flown  by  a  single  operator  r 
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"pilot, "  using  a  miniature  airplane- type  control  stick  which  actuates  pitch 
and  roll  control  surfaces  on  the  model. 

Three  key  parameters  that  influence  the  dynamic  characteristics  of  the 
system  shown  in  figure  3  are: 

e  distance  from  front  pulleys  to  center  of  gravity 

a  distance  from  rear  pulleys  to  center  of  gravity 

Tr  tension  in  rear  cables 

The  ability  to  va::y  these  parameters  for  a  given  model  provides  one  with 
a  "handle"  by  which  the  stability  and  flying  characteristics  of  the  model  can 
be  regulated.  The  lengths  and  angles  of  the  cable  loops  can  also  be  adjusted 
to  satisfy  particular  requirements.  For  example,  by  using  unequal  angles  in 
the  cable  loop  that  lies  in  a  vertical  plane,  a  resultant  vertical  force  may 
oc  applied  to  the  model.  Since  the  cables  are  long  (long  relative  to  model 
deflections)  and  have  tension  applied  through  a  soft  spring,  this  resultant 
vertical  force  is  approximately  independent  of  model  motion,  and  thus  provides 
a  reasonable  simulation  of  gravitational  forces.  By  varying  tension  in  the 
cables  steady-state  loads  on  the  model  can  be  properly  simulated  -  a  feature 
that  may  be  required  when  elastic  deformations  due  to  steady  loads  on  the 
aircraft  are  of  importance. 


Wind-Tunnel  Model 


A  specific  application  of  the  two-cable  mount  system  will  now  be  discussed. 
Wind-tunnel  and  theoretical  studies  of  the  dynamic  characteristics  of  the  mount 
have  been  conducted  for  a  model  of  a  modern  jet  transport.  (Similar  experience 
with  the  present  mount  system  has  also  been  obtained  on  a  supersonic  fighter 
configu ration.) 

The  model,  pictured  in  figures  4  and  5,  has  a  span  of  approximately 
feet  and  weighs  ?0  pounds.  It  is  restrained  by  a  3/3^-inch-diameter  for¬ 
ward  cable  and  a  l/lu- inch-diameter  rear  cable  through  which  the  tension  is 
applied.  Forward  and  aft  pulley  locations  in  the  model  are  e/c  =  1.6  and 
a/c  a  0.  When  the  model  is  centered  in  the  tunnel,  the  length  of  the  cables 
from  the  model  to  the  wall  attachment  points  is  approximately  20  feet;  the 
forward  cables  are  in  a  vertical  plane  and  the  rearward  cables  in  a  horizontal 
plane.  The  cut-away  view  in  figure  4  gives  a  schematic  indication  of  the 
pulley  Installation.  Figure  *?  shows  the  model  in  a  preflight  attitude.  The 
large  static  deflection  of  the  model,  which  amounts  to  about  ')  feet  for  the 
condition  shown,  is  indicative  of  the  softness  of  the  restraining  forces 
involved.  Electrical  leads  for  the  trim  control  actuators  and  accelerometers 
in  the  mode!  enter  the  underside  of  the  fuselage  near  the  center  of  gravity 
and  are  supported  at  the  downstream  end  by  a  sting,  as  can  be  seen  in 
figures  •»  and  h. 


Stability  Analysis 


Equations  of  motion  for  the  two- cable  mount  system  are  derived,  in  the 
appendix  for  the  general  case  of  six  degrees  of  freedom.  Cable- restraining 
forces  are  represented  in  the  analysis  by  a  set  of  stiffness  influence  coeffi¬ 
cients  k-y  which  give  the  cable  force  or  moment  in  mode  i  due  to  a  unit 
deflection  in  mode  j.  Equations  for  these  coefficients  in  terms  of  the  sys¬ 
tem  parameters  are  given  in  table  2.  It  can  be  shown  that  with  the  assump¬ 
tion  of  small  pertubations  from  trimmed  flight,  which  make  the  equations  of 
motion  linear,  the  lateral  equations  and  longitudinal  equations  for  the  cable- 
restrained  model  are  uncoupled  and  can  thus  be  treated  separately  as  in  con¬ 
ventional  linearized  stability  analyses  for  free-flight  conditions  (see,  for 
example,  ref.  5)*  Energy  dissipation  in  the  pulleys  is  accounted  for  by 
means  of  an  effective  viscous  damping  in  each  mode. 

In  the  present  analysis,  a  soft  spring  was  assumed  to  be  only  in  the 
rear  cable,  thus  the  fore-and-aft  degree  of  freedom  is  suppressed.  With  this 
assumption,  the  dynamic  behavior  of  the  system  is  determined  from  the  roots  of 
a  fourth-order  characteristic  equation  for  the  longitudinal  modes  and  a  sixth- 
order  characteristic  equation  for  the  lateral  modes  (see  eqs.  (12)  and  (15) 
in  appendix).  Tunnel  conditions  assumed  in  the  analysis  are  225  pounds  per 
square  foot  dynamic  pressure  and  O.89  Mach  number.  The  aerodynamic  deriva¬ 
tives  (see  table  l)  were  estimated  by  the  aircraft  manufacturer.  Damping 
int  roduced  by  the  pulleys  was  assumed  to  be  5  percent  of  critical  damping  for 
all  modes,  =  O.O5.) 


RESULTS  AND  DISCUSSION 


Root-Locus  Plots 

before  presenting  results  of  the  study,  it  might  be  appropriate  to  men¬ 
tion  certain  features  of  the  root-locus  method  which  will  be  used  to  interpret 
the  dynamic  characteristics  of  the  system.  This  method  involves  plotting 
roots  of  the  characteristic  equation  in  the  comple-x  plane.  As  shown  in 
figure  6  the  imaginary  axis  indicates  the  circular  frequency  of  a  natural  mode 
and  the  real  axis  gives  a  measure  of  the  damping.  The  radial  distant*  from 
the  origin  to  a  complex  root  is  the  undamped  natural  frequency  tn,,  and  the 

angle  between  the  radial  vector  and  the  iim  axis  is  equal.  aitf^?n,  where 
Cn  is  the  damping  ratio  relative  to  critical  damping.  The  system  is  stable 

when  the  real  part  of  every  root  has  a  negative  sign  and  is  neutrally  stable 
when  a  root  lies  on  the  imaginary  axis.  A  more  complete  description  of  the 
method  may  be  found  in  reference  5. 
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mode  which  involves  primarily  vertical  translation  of  the  model.  This  latter 
mode  is  associated  with  the  mount  restraints  and  has  no  counterpart  in  free 
flight.  The  corresponding  root-locus  plot  for  the  lateral  modes  is  presented 
in  figure  8.  Again,  both  the  free-flight  and  the  mount  modes  are  shown. 

When  the  model  is  in  free  flight,  the  characteristic  equation  is  of  fourth 
order  having  one  pair  of  complex  conjugate  roots  and  two  real  roots.  The 
complex  roots  characterize  the  Dutch-roll  oscillation  ek'Iv;  the  real  roots 
are  associated  with  a  heavily  damped  roll  mode  and  an  almost  neutrally  damped 
spiral  mode.  When  cable  restraints  are  added,  the  fre«?-f light  roots  are 
altered  slightly  and  a  new  pair  of  complex  conjugate  iootf.  comes  into  the 
picture.  This  root  involves  primarily  lateral  translation  of  the  model  and, 
as  can  be  seen  in  figure  8,  is  unstable  except  when  the  tension  applied  to 
the  rear  cable  exceeds  approximately  the  weight  of  the  model.  These  trends 
are  in  good  qualitative  agreement  with  the  experimental  results.  Motion 
pictures  are  available  showing  the  development  of  lateral  instability  as 
cable  tension  is  reduced  below  Tp/W  =  1.0. 

The  root-locus  plots  given  in  figures  7  and  8  for  various  cable  tensions 
are  representative  of  the  plots  obtained  when  other  parameters  are  varied  in 
that  the  free-flight  modes  are  altered  slightly  and  new  low-frequency  modes 
are  introduced  because  of  the  mount  restraints.  The  question  of  primary 
interest,  then,  is  whether  these  mount  modes  have  stable  or  unstable  damping 
characteristics.  Therefore,  in  the  following  discussion  attention  will  be 
focused  on  the  damping  ratio  associated  with  the  longitudinal  and  lateral 
mount  modes . 


Stability  of  Mount  Modes 

Effect  of  front  pulley  location.-  Figure  9  illustrates  the  effect  of 
varying  the  location  of  the  front  pulleys  when  the  rear  pulleys  are  at  the 
center  of  gravity.  (See  table  1  for  values  assumed  for  other  parameters  in 
the  calculations.)  Here  it  can  be  seen  that  the  longitudinal  mode  has  satis¬ 
factory  damping  for  all  conditions;  however,  the  lateral  mode  for  most  front 
pulley  locations  is  unstable  when  Tp/W  <1.0.  (Negative  values  of  £  indi¬ 
cate  unstable  oscillations.)  Note  that  for  zero  rear  cable  tension  there  is 
a  close  correspondence  between  the  present  system  and  the  tow-line  mount. 

Thus  the  requirement  for  an  autopilot  to  stabilize  a  tow-line  model,  such  as 
reference  2,  is  also  evidenced  here  by  the  predicted  lateral  instability  shown 
when  Tp/W  =  0. 

Effect  of  rear  pulley  location.-  Figure  10  indicates  the  influence  of 
rear  pulley  location  on  stability  of  the  mount  modes.  The  front  pulleys  were 
assumed  to  be  1.5c  ahead  of  the  center  of  gravity  for  these  calculations. 

The  parameter  being  varied,  a/c,  is  token  to  be  positive  when  the  rear 
pulleys  are  aft  of  the  center  of  gravity.  Again,  as  in  the  previous  case,  it 
is  seen  that  increasing  tension  in  the  rear  cable  has  a  significant  stabilizing 
influence.  Also  with  tension  applied,  moving  the  rear  cables  aft  increases 
the  stability.  On  the  basis  of  figures  9  and  10  it  appears  that  pulleys 
equally  spaced  ahead  and  behind  the  c.g.  a  distance  of,  say,  one  mean 
aerodynamic  chord  would  provide  adequate  stability  over  a  somewhat  larger 
range  of  cable- tension  values  than  was  possible  on  the  model  which  had  the 
rear  pulleys  at  the  c.g.  Equal  fore  and  aft  spacing  of  the  pulleys  relative 
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to  the  c.g.  also  tends  to  reduce  the  coupling  between  pitch  and  vertical 
translation  -  a  feature  that  may  be  desired  in  order  to  avoid  large  variations 
between  the  no- wind  and  flight-attitude  angle  of  the  model. 


Effect  of  static  margin.-  In  the  previously  discussed  results  it  was 
found  both  analytically  and  experimentally  that  the  longitudinal  mount  mode  was 
stable  for  all  conditions  considered.  Let  us  now  examine  analytically  how 
longitudinal  stability  is  influenced  by  changes  in  the  static  margin  of  the 
model.  The  static  margin,  defined  as  the  distance  between  the  stick-fixed 
neutral  point  and  the  c.g.  of  the  model  in  mean  aerodynamic  chords,  was  varied 
by  moving  the  c.g.  and  at  the  same  time  the  pulley  locations  such  that 
e/c  =  1.5  and  a/''  =  0.  Variations  in  the  moment  of  inertia  due  to  c.g.- 
changes  were  neglected.  The  results  are  given  in  figure  11.  Note  that  as  the 
c.g.  is  moved  aft  the  stability  of  the  mount  mode  falls  off  rather  abruptly 
for  all  values  of  cable  tension  considered.  (The  nominal  c.g.  location  used 
in  other  cases  was  0.25c  giving  a  static  margin  of  0.265c.)  Thus  it  might  be 
concluded  that  configurations  having  a  small  margin  of  static  stability  in 
free  flight  are  likely  to  develop  instabilities  when  restrained  by  cables 
in  a  wind  tunnel. 


CONCLUDING  REMARKS 


It  has  been  shown  that  by  means  of  a  rather  siiiqole  two- cable  mount  system 
the  free- flight  rigid-body  modes  of  complete  aircraft  can  be  closely  simulated 
in  a  wind  tunnel.  A  stability  analysis  and  wind-tunnel  evaluation  of  the 
system  indicate  that  by  proper  selection  of  such  parameters  as  cable  tension 
and  pulley  spacing,  stable  dynamic  behavior  of  the  mount  can  be  achieved  over 
a  broad  range  of  test  conditions.  In  addition  to  flutter  and  gust  response 
applications,  the  system  offers  potential  as  a  research  tool  for  measuring 
stability  derivatives  and  maneuver  loads  on  complete  aeroelastic  models. 
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APPENDIX 


STABILITY  ANALYSIS  OP  CABLE  MOUNT  SYSTEM 


Consider  the  cable  configuration  shown  schematically  in  figure  12. 

The  x,  y,  and  z  axes  form  a  right-hand  set  of  space-fixed  orthogonal 
coordinates  with  the  origin  at  the  center  of  gravity  of  the  model  in  steady 
trimmed  flight.  The  model  is  assumed  to  be  rigid  so  that  its  motion  is  com¬ 
pletely  described  by  six  degrees  of  freedom  -  namely,  x,  y,  and  z  trans¬ 
lations  of  the  center  of  gravity  and  <p,  8,  \|r  rotations  about  the  x,  y, 

and  55  axes,  respectively.  The  equations  of  motion  are  linearized  by  the 
assumption  of  small  pertubaticns  from  trimmed  flight.  Inertia  and  vibratory 
characteristics  of  the  restraining  cables  are  neglected. 

The  dynamical  equations  of  motion  for  the  system  can  be  written  as 
follows : 

Longitudinal  translation: 


Lateral  translation: 


Vertical  translation: 


Roll: 


Pitch: 


Yaw: 


+  XA  =  mx 


YC  +  yA  =  my 


Zq  +  ZA  +  mg  =  mz 


Lc  +  LA  =  rx ^  -  1  xzt 
+  MA  — 

Nc  +  NA  =  rz^  -  Ixzcp 


(la) 

(lb) 

(lc) 

(ld) 

(le) 

(lf) 


Where  the  C  and  A  subscripts  denote  cable  and  aerodynamic  terms, 
respectively. 


Cable  Restraints 

As  shown  in  figure  12  the  particular  cable  configuration  chosen  for 
analysis  has  the  forward  cables  in  a  vertical  plane  and  the  rearward  cables 
in  a  horizontal  plane.  Tension  Is  applied  to  the  cables  by  stretching  a 
soft  spring  in  the  rear  cable.  It  has  been  assumed  that  in  trimmed  flight 


Preceding  page  blank 


the  rear  cables  are  symmetrical  with  respect  to  the  plane  of  symmetry  of  the 
model;  however,  in  order  to  permit  the  possibility  of  applying  a  steady-state 
vertical  force  to  the  model,  the  cable  angle  of  the  upper  front  cable  0^  is 
not  necessarily  the  same  as  that  of  the  lower  front  cable  (32. 

The  total  forces  and  moment  about  the  center  of  gravity  are  obtained  by 
summing  the  contribution  of  each  of  the  four  cables: 


=  ^1 

+  xc2 

+  X^  H 

-  XC4 

(2a) 

Yc 

=  YC1 

+  YC2 

+  YC3  h 

-  yC4 

(2b) 

zc 

=  ZC1 

+  zc2 

+  Zqj  H 

'  ZC4 

(2c) 

LC  - 

(h  +  eO )Yep  -  (h  -  eO ] 

|YC2- 

(a B  -  dcp)Yc3  -  1 

(a8  + 

dcp)Yc4 

+  (hfp 

+  et)Zcl 

-  (hep  - 

‘  e^)ZC2  "  (d 

+  at)Zc^ 

+  (d 

-  a«|r)Zci+ 

(2d) 

Me  = 

-(h  + 

e®)xCl  + 

(h  -  e0)X^2  ' 

h  (ad  - 

dcp)XC;j  + 

( a0  h 

-  dcp)XC4 

+  (he 

-  e)Zcl  - 

(h0  + 

e)ZC2 

+  (a  - 

d>|f  )  ZC3  + 

(a  •<- 

d^ ) zc4 

(2e) 

NC 

=  -(e<|r 

+  hcp)Xgq 

-  (e«|»  • 

-  hcp)Xj 

12  +  (d 

+  ay)Xc5 

-  (d 

-  a\|i )  Xqj^ 

+  (e 

-  he)YCi 

+  ( e  + 

h§  )yc; 

;j  +  (d^ 

-  “>*C3  ' 

-  (d'lf 

+  a)YC4 

(2f) 

|  =  J 

O  •'  H  • 

The  x. 

y,  and  z  1 

components  of  tension 

in  each 

cable 

are  assumed  to  act  at  the  outermost  point  of  tangency  between  the  cable  and 
its  pulley,  and  the  model  center  of  gravity  is  ussumed  to  be  on  the  line  formed 
by  the  intersection  of  the  planes  of  symmetry  of  the  front  and  real'  pulleys. 
From  the  geometry  of  the  situation,  these  force  components  can  be  expressed: 

XC1  "  Tf  cos  px,  YC1 

XC2  =  cos  YC2 

^3  =  tr  cos  YC3 

XC4  =  “tR  cos  yc4 

The  terms  on  the  right-hand  side  of  equations  (3)  consist  of  a  steady- 

state  part  plus  increments  proportional  to  motions  of  the  model.  By  way  of 
illustration  consider  the  vertical  component  of  force  on  pulley  number  1 
(see  eqs .  (3)  and  fig.  12). 


* 

11 

ZC1  = 

-  -T  & 

F  7,/ 
l2 

ZC2  = 

=  -Tr  sin  p5, 

ZC3  = 

=  Tr  sin  P4, 

ZC4  " 

-  _"3 

-Tp  sin  px 

Tp  sir*  $0 

4  1 
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\  "w  \  "w 


=  -  (Tf  +  ATp)  sin  (p-^  +  J 


which  can  be  written 

2d  =  ^Iq  +  -^Cl 

=  -Tp  sin  P1  -  ATp  sin  -  APjTp  cos  P-^ 

The  increments  ATp  and  Ap^  can,  in  turn,  be  expressed  in  terms  of 
pertubations  of  the  model  center  of  gravity  as  follows: 


ATp  =  kp  ^  AZ  +  AZ  2  j 


—  kr; 


and 


(z.q  sin  pj_  -  Xj_  cos  P^J  -  (zq  cos  P2  +  Xg  cos  P2) 


xn  zx 

Ap-1  =  sin  Pi  +  —  cos  p, 
ll 


00 


(5) 


(6) 


where  xn  and  zn  denote  components  of  displacement  of  the  outermost  points 
of  cable  tangency  on  pulley  n 


x-l  =  x  -  h8 , 
X2  =  X  +  he, 


Z-^  =  Z  00  I 


ZP  =  Z  +  00] 


(7) 


Thus,  with  equations  (5),  (6),  and  (7)  substituted  into  equation  (h)  the 
vertical- force  component  on  pulley  1  can  be  written  in  the  form 


ZC1  =  ^CIq  '  kzxxx  "  kzzxz  ~  k-zej6 


(8) 


where  the  coefficients  kjj^  are  stiffness-influence  coefficients  associated 

with  the  upper  front  cable  which  goes  to  pulley  1.  In  a  similar  manner  the 
three  components  of  cable  force  are  derived  for  each  of  the  four  pulleys. 

When  these  relations  are  substituted  into  equations  (2)  and  all  terms  involving 
products  of  the  pertubations  x,  y,  z,  cp,  0,  and  discarded,  the  fol¬ 
lowing  set  of  linear  relations  are  obtained  for  cable  restraints  on  the  over¬ 
all  system: 


Xc  =  Xg0  -  k^x  - 

YC  =  "kyyy  '  Xyr^ 

Zc  =  Zc0  "  kzxx  “ 

Lc  =  “  Vp^ 

18  $ 


kxzz  * 

kx9e 

(9a) 

-  k^* 

(9b) 

kzzz  - 

kz6° 

(9c) 

-  v 

(9d) 

“C  =MCo  -  W  “  *ezz  -  ^e6 
NC  “  -  k^cp  -  ^ 


(9e) 

(9f) 


Equations  for  the  steady- state  terms  and  the  influence  coefficients  appearing 
in  equations  (9)  are  given  in  table  2. 

It  is  important  to  note  in  equations  (9)  that  the  cable  restraints  produce 
no  coupling  between  the  longitudinal  modes  (x,  z,  and  0)  and  the  lateral 
modes  (y,  cp,  and  f ) .  Thus,  if  the  lateral  and  longitudinal  modes  of  an 
aircraft  configuration  can  be  isolated  and  studied  separately  for  free-flight 
conditions,  as  is  most  generally  done  in  linearized  stability  analyses,  the 
same  simplifications  can  also  be  enjoyed  for  the  cable- supported  model.  The 
assumption  of  separable  longitudinal  and  lateral  modes  will  be  made  through¬ 
out  the  remainder  of  the  present  analysis. 


Aerodynamic  Forces  and  Moments 


For  small  pertubations  from  the  space-fixed  axes  considered  herein  and 
with  the  assumption  x/U,y/U, z/U  «  1.0,  the  aerodynamic  forces  and  moments 
about  the  center  of  gravity  of  the  model  can  be  expressed  as  follows: 


Longitudinal  modes: 


XA  =  -qS 


(%  +  %e0)  +  s(cDo  ♦  c%e0)| 


+  (%  "  Ck>  -  CLa8°  -  CI'6,Jo)J  +  CDa‘-' 


(10a) 


ZA  =  -qS 


(°Id  +  CLa0°  +  %5°)  +  2(°Lo  +  Vo  +  %5o)§ 


{CUl  +  %  +  CDa0o)§  +  CLaG 


(10b) 


MA  qSci(Cn>o  +  Cnia0o  +  cm§5o)  +  2(cmo  +  craoPo  +  cm5S0)^ 


+  C%  +  fj  c«a  |  +  °Ba8  +  Sj(C"4  +  C">l)5 


(10c) 


Lateral  modes: 


ya  =  1s[(cyp  -  CDo  -  c^Oo^  +  (c^  +  c^0o  +  C^S0)cp  +  c 


Cyn+  +  C 
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The  terms  on  the  right-hand  side  of  equations  (12)  are  the  static  aero¬ 
dynamic  and  cable  restraint  forces  and  moments  acting  on  the  model.  They  are 
defined 

T  T 

Xo  =  ^o  +  XAo  =  V'COS  +  COS  p2)  "  2  -jr  cos  P3 

-  “4e°  -  Ua  (cDo  +  CDa0o)  (13a) 

Tp  p 

Z0  =  ZCo  +  ZAo  =  —(sin  p2  -  sin  p2)  -  u>zO0o  +  g 

-  UafC^  +  CLa0o  +  C^80)  (13b) 


Mo  =  Mc0  +  =  — 7j-(siii  Px  -  sin  P2  -  |  cos  pq  +  |  cos  P2j 

y 

C' 

-  +  “(Cmo  +  C%eo  +  Cnjg&oj  (13c) 

These  equations  set  equal  to  zero  define  the  conditions  on  Tp,  0O,  and 
80  which  must  be  simultaneously  satisfied  in  steady  trimmed  flight  with  spec¬ 
ified  tension  in  the  rear  cables.  (Tp  and  0O  are  required  to  evaluate  the 

cable  influence  coefficients  in  table  2.)  In  most  instances  it  is  not  neces¬ 
sary  to  Know  precise  values  for  Tp,  0O,  and  &0  and  they  may  therefore  be 

calculated  independently  in  the  following  approximate  manner: 

In  equation  (13a)  neglect  0O  and  solve  for  Tp 


I  cos  pi 

’V  ■  hnsry  i 


mUoCjj 


Pq  +  cos  p nj  cos  pq  +  cos  P;> 

In  equation  ( L3b)  neglect  80  and  and,  with  Tp  as  given  by 

equation  (l4a),  solve  for  0o 


(l^a) 


r 

0U  “  rr-^ — '  —  (sin  Pc  -  sin  Pi  )  +  g 
u  "-Ci  1  m  \  1/  ° 


UoCV 


Cl. 


Ci. 


(lbb) 


<1 


From  equation  (i3c)  solve  for  the  remaining  unknown  80 


6°  ‘  ’  mcUaCn^V' 


h 


sin  Pi  -  sin  -  —  cos  Pq  +  -  cos  ppl  - 

l'  '  LiR> 


c,  +  c  0 

®o  l!ri  <•’ 


(ibc) 


(Note  from  the  latter  two  equations  that  when  pq  »  P2  the  cable  restraints 
<10  not  affect  0q  or  oQ*) 
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TABLE  1.-  CONDITIONS  ASSUMED  FOR  STABILITY  ANALYSIS 


Physical  properties  of  model: 

Weight,  W,  lb  . 

Wing  span,  b,  ft  . 

Wing  area,  S,  sq  ft  . 

Mean  aerodynamic  chord,  c,  ft 
Moments  of  inertia: 

Ix  =  mrx2,  slug- ft2  .... 


70.0 

8.46 

8.94 

1.168 


mry2,  slug- ft2 


1%  ™  mr 22,  slug-ft2 . '.  . 

Ixz,  slug-ft^ . . 

Center-of -gravity  location  (nominal) 


0.25c 


Stick  fixed  neutral  point,  N  .  0.513c 


Aerodynamic  derivatives: 
CT.  . . 


(nominal)  . 


-1.22 


-15.65 


-0.725 


0.105 


0.078 


-0.0199 


■0.1  ^ 


Test  conditions: 

Test  medi  an  . . . Yrrn r.  . 

Dynamic  pressure,  q,  lb/;;q  !'t . . .  225.0 


m -m  »  » J  *  J>  nj  ...  - 


TABLE  1.-  CONDITIONS  ASSUMED  FOR  STABILITY  ANALYSIS  -  Concluded 


Mach  number . . .  O.89 

Velocity,  U,  ft /sec . .  .  .  .  V70 

a  =  ip  sec_1 .  1.98 

Mount  system  parameters: 

Cable  length,  l1  =  Z2  =  =,  ft .  20.0 

Cable  angles,  =  P2  =  05  =  ^4  =>  deS .  20.0 

Front  pulley  separation  distance,  2h,  ft .  0-70 

Rear  pulley  separation  distance,  2d,  ft  .  .  . .  0.60 

Pulley  damping  ratio,  £n  (all  modes) .  0.05 

Front  cable  tension,  Tp,  lb . TR  +  21.4 

Rear  cable  tension,  TR,  lb . 0  =  TR  lUO 

Distance  between  center  of  gravity  and  front  pulleys,  e  .  .  .  .  0  S  ~  'S  2,0 

Distance  between  center  of  gravity  and  rear  pulleys,  a  .  .  -0.5c  =  =  1.0 

Spring  constant  in  rear  cable,  kR,  lb/in .  5,0 

Spring  constant  in  front  cable,  kF,  lb/in.  . .  00 
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TABLE  2.-  CABLE  INFLUENCE  COEFFICIENTS 


jjBee  eqs.  (9)j 

Longitudinal  force: 

XC0  =  %(cos  +  cos  P2)  *  2Tr  cos  Pp  -  I^qQq 

^  sin2^  +  ^  sin2P2  +  sin2pp  +  kp^cos  P1  +  cos  p2j2  +  ^  cos2pp 


Tp  Tp 

kx2  -  —  cos  sin  - cos  p2  sin  P2 

ll  l2 


-  kp^cos  p^  +  cos  P2j^sin  Px  -  sin  p2^ 


k^Q  =  -  sin  P^ii  sin  p^  +  e  cos  p^j  +!  sin  P2(h  sin  P2  +  e  cos  Pp^ 
-  kp^cos  p-^  +  cos  p^je^sln  p2  -  sin  P^  +  h(cos  p^  -  cos  P2jj 


Lateral  force: 


Tp  Tp  2Tr  :>n 

kyy  a  7  +  r1*  co®~Pr 

^  *i  l2  h  n* 


■  ^(xi  -  tj) 

kn  -  Tp^  ♦ 


2Tn  cos  P«  .  . 

- y- - (d  sin  + 


Vertical  force: 

Zq^  *  Tp ^sin  p?  -  sin  pjJ  -  k-g0o 


kax  -  **x 


k-_  =  ~  cos^p^  +  cos2P?  +  +  kp^sin  P2  -  sin  P^j' 


TABLE  2.-  CABLE  INFLUENCE  COEFFICIENTS  -  Continued 


KzQ  - 


- 


sin  pi  cos  Pi  sin  p2  cos  p p 

-  + - n - ]  -  VI 


V  l2  )  lR 


1  “2 
-  kp^sin  P2  -  sin  p-jJ  e^sin  P2  -  sin  p^j  -  h^cos  P2  -  cos  pjJ 


Roll: 


Vy  =  Vp 

V?  -  “f(tj  +  r;  +  sln  %  +  sln  h)  *  24Ir(4  *  sin  %) 

Vs  *  -  f-)  +  V(sln  ®x  -  slD  h) 


Pitch: 


Mq  =  eTp^sin  P^  -  sin  p^j  -  hTp^cos  P^  -  cos  P2)  - 
=  ^xO 

hz  =  he 

'&qq  =  eos  P^^  +■  sin  P^  +  y-(c  cos  p2  ♦  h  sin  p-.J"  +  h^sin  Pi 

+  sin  P2)  *  e(cos  Pj_  +  cos  p^ij  +  21’ji  a  cos  p^  +  k^jc^siu  p£  -  sin  0 

_  <>  v?t 

+  h^cos  -  cot  *  ~ 


„!l  lH 


TABLE  2.-  CABLE  INFLUENCE  COEFFICIENTS  -  Concluded 


Yav: 


*  “f(^  -  ^  006  h  -  COB  h) 

iff  =  eXp/^-  +  J-  +  COS  ^  +  cos  p2)  +  2% [a  cos  pB 
+  cos  PR  +  d  sin  Pp)2 

lR  J 


+  d  sin 
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•  SOFT  SUPPORT 

•  NEGLIGIBLE  MASS 

•  LOW  AERODYNAMIC  INTERFERENCE 

•  STABLE 

•  SIMPLE 


Figure  i.~  Mount  requirements. 
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TOWLINE 


ENDLESS  WIRE 


VERTICAL  ROD 


Figure  2.-  Free- flight  mount  systems. 


FRONT-  CAB -I 


Figure  4.-  Model  on  two-cable  mount 


i« 


Figure  6.-  Frequency  and  damping  from  root- locus  plot. 
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e/c  =  1.5 1  a/c  =  0 


Figure  8.-  Root  locus  of  lateral  modes. 


LONGITUDINAL 
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-i.o  o  ito 
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Figure  10.-  Effect  of  rear  pulley  location. 
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J.  R.  Martuceili 

F,.  H.  Durgin 

R.  B.  McCallum 

MASSACHUSETTS  INSTITUTE  OF  TECHNOLOGY 
ABSTRACT 


A  method  is  presented  of  constructing  inflatable  AIRMAT*  type  models 
which  are  suitable  for  use  as  wind  tunnel  flutter  models.  The  techniques 
used  in  static  and  dynamic  model  test  are  also  presented  along  with  the 
results  of  some  tests  on  a  series  of  sharply  swept  back,  inflatable  delta 
wings.  The  vibration  mode  shapes  of  a  delta  wmg  as  determined  by  use  of 
mirrors,  mounted  on  the  model,  are  presented.  The  importance  of  shear 
and  bending  tyr>e  deformations  are  presented  by  comparing  the  results  cf 
static  and  dyr.  r  tests  with  theoretical  calculations.  A  limited  amount  of 
experimental  x-esuits  on  the  properties  of  the  model  surface  material  are 
also  included. 


*  Trademark  of  Goodyear  Aircraft  Company 


I 


Z07 


LIST  OF  ILLUSTRATIONS 


FIGURE  PAGE 

1.  Sketches  of  Typical  Blunted  Delta  Inflatable  Vehicles,  Showing 

Types  of  Construction  .  231 

2.  Basic  Structural  Components  of  Inflatable  Reentry  Vehicles  .......  232 

3.  Typical  Reentry  Trajectory  for  an  Inflatable  Vehicle .  233 

4.  Samples  of  Inflatable  Models .  234 

5.  Schematic  of  Model  Pressure  Regulating  System  and  Strain  Gages  .  . .  235 

6.  Excitation  System  Used  for  Vibration  Tests .  236 

7.  Vibration  Results  for  Two  Single-Ply,  Nylon  Models  at  a  Model 

Pressure  Differential  of  2  psig .  237 

8.  Vibration  Results  for  Two,  Double-Ply  Dacron  Models  at  a  Model 

Pressure  Differential  of  2  psig .  238 

9.  Effect  of  Ambient  Pressure  on  Frequencies  of  First  Three  Modes 

cf  Model  5 . 239 

10.  Comparison  of  Vibration  Results  for  Goodyear  and  M.I.T.  Rec¬ 
tangular  Models . 240 

11.  Wing  Deflection  vs  Uniform  Load  for  Model  A .  241 

12.  Photographs  Showing  Deflection  of  Model  B  at  Several  Angles  of 

Attack.  Mach  Number  5  .  .  . ,  . . .  242 

13.  Mirror  Stations  Used  for  Determining  Vibration  Mode  Shapes  of 

Model  R... . 243 

14.  Schematic  of  Test  Setup  for  "Mirror"  Tests  . . 244 

15.  Typical  Photograph  of  Mode  Shape  Data  .  . . 245 

16.  Experimental  "Mirror"  Mode  Shape  for  First  Vibration  Mode  of 

Model  B  (Model  Pressure  2  psig)  . .  246 

17.  Experimental  "Mirror"  Mode  Shape  for  Second  Vibration  Mode  of 

Model  B  (Model  Pressure  2  psig) .  247 

18.  Experimental  “Mirror"  Mode  Shape  for  Third  Vibration  Mode  of 

Model  B  (Model  Pressure  2  psig) .  248 


208 


RTD-TDR-6  3-4197,  PART  I 


•CONSTRUCTION  AND  TESTING  TECHNIQUES 
OF  INFLATABLE  FLUTTER  MODELS 

J.  R.  Martuccelli* 

F.  H.  Durgin** 

R.  B.  McCallum  *** 


MASSACHUSETTS  INSTITUTE  OF  TECHNOLOGY 
INTRODUCTION 

Among  the  many  configurations  proposed  for  reentry  vehicles,  the 
concept  of  an  inflatable  structure  (Refs.  1,  2,  3)  offers  some  important 
advantages  which  bear  directly  on  the  problems  encountered  during  re¬ 
entry.  The  configurations  representative  of  the  types  likely  to  be  used 
for  recoverable  inflatable  vehicles  are  shown  in  Fig.  1.  The  basic  fea¬ 
tures  th*'Se  jnfigurations  are  a  hemispherical  nose,  a  swept-back 
leading  edge  (usually  a  large  diameter  tube),  and  a  sail,  AIRMAT,+  or 
several  tubes  connecting  the  right  and  left  leading  edges  (see  Fig.  2). 

Tvo  trajectories,  which  axe  typical  for  the  types  of  reentry  vehicle 
shown  in  Fig.  1,  are  presented  in  Fig.  3  in  terms  of  dynamic  pressure 
vs.  Mach  nu.  iber.  The  additional  parameters  T  (temperature),  h  (alt¬ 
itude),  a  (acceleration),  and  t  (time  from  entry)  are  also  given  since 
they  also  affect  the  final  design  ox  an  actual  vehicle.  The  trajectories 
were  obtained  from  Ref.  1  and  some  additional  calculations  based  on 
the  1959  TJSAF  model  atmosphere.  The  angle  of  attack  a  I  and  the  lift- 
drag  ration,  L/D  =  0.  577,  a»*e  assumed  constant  during  entry.  The  entry 
height  is  400,  000  ft. ,  the  flight  pat*-  angle  is  -1  degree,  and  the  leading - 
edge  radius  is  taken  as  one  foot. 


*  Executive  Officer,  Aeroaiastic  and  'Structures  Research  Laboratory 

**  Research  Engineer,  Aerophys<cs  Laboratory 

***  Research  Engineer,  Aeroelastic  nd  Structures  Research  Laboratory 
4-  Trademark  of  Goodyear  Aircraft  Company 

4  The  angle  of  attack,  or  alternatively  the  lift  coefficient,  is  not  speci¬ 
fied  iu  Ref.  but  it  is  believed  that  the  lift  coefficient  is  about  0.  5. 


209 


From  the  foregoing  and  other  published  feasibility  studies  of  inflatable 
reentry  vehicles  (Refs.  2,  4),  one  can  draw  the  following  general  observations 
which  are  applicable  to  most  situations: 

(1)  With  the  light  wing  loadings  required  (W/S  of  the  order  of  unity) 
the  maximum  dynamic  pressures  will  occur  at  relatively  high  Mach 
numbers,  say  2  <  M  <  10,  at  altitudes  in  the  neighborhood  of 
200-250,  000  ft. 

(2)  The  variation  in  dynamic  pressure  is  less  than  20  per  cent. 

(3)  While  the  descent  at  the  higher  altitudes  will  be  at  very  shallow 
angles,  the  lifting  surfaces  will  be  oriented  at  relatively  large 
angles  of  attack  (between  20  and  60  degrees),  because  of  the  low 
dynamic  pressure  which  will  be  encountered  at  these  higher 
altitudes.  The  minimum  C  will  be  dependent  on  the  maximum 
tolerable  leading-edge  temperature. 

(4)  Maximum  allowable  heating  conditions  dictate  blunt  leading  edges 
for  such  surfaces. 

(5)  The  lower  wing  loadings  give  lower  values  of  the  radiation 
equilibrium  stagnation-point  temperature  because  lower  speeds 
are  encountered  at  any  given  altitude. 

(6)  The  very  compact  packaging  of  the  vehicle  for  launching  into  orbit 
and  assembly  in  space  removes  the  necessity  of  having  to  place  a 
large  lifting  surface  vehicle  on  top  of  a  large  rocket  vehicle  ,  and 
thereby  puts  the  task  of  placing  such  a  vehicle  in  orbit  within  the 
capabilities  of  present  day  boosters.  A  packaged  volume  to  inflated 
volume  ratio  of  0.03  to  0.05.  is  possible  for  anAIRMAT  wing,  while 
for  a  complete  reentry  vehicle,  ratios  of  0.15  are  possible  (Ref.  2). 

The  high  degree  of  flexibility  exhibited  by  these  inflatable  structures 
indicates  that  the  prevention  of  instabilities  such  as  flutter  may  be  a  significant 
problem.  For  the  past  year,  the  Aeroelastic  and  Structures  Research 
Laboratory,  Massachusetts  Institute  of  Technology,  under  the  sponsorship 
of  the  A.  F.  Flight  Dynamics  Laboratory,  U.  S.  Air  Force,  Dayton,  Ohio  has 
been  involved  in  a  program  of  research  on  analytical  studies  and  experimental 
verification  of  the  vibration  and  flutter  characteristics  of  inflatable  structures, 
to  establish  design  criteria  which  will  insure  that  lifting  surfaces  for  future 
inflatable  vehicles  will  be  free  from  dynamic  instabilities.  This  paper  is  a 
report  of  the  initial  work  performed  on  the  construction  and  structural  testing 
techniques  of  inflatable  models  which  are  suitable  for  use  in  wind-tunnel  tests. 
Although  other  types  of  structures  are  being  investigated  under  the  research 
program,  this  paper  will  be  concerned  only  with  the  AIRMAT  type  structure 
where  the  spacing  of  the  surfaces  is  achieved  by  chords  held  in  tension  by 
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internal  pressure.  The  results  of  some  tests  on  a  series  of  sharply  swept- 
back,  inflatable  delta  wings  are  presented,  including  the  vibration  mode  shapes 
of  one  model  as  determined  by  use  of  mirrors  mounted  on  the  model.  The 
relative  importance  of  shear  and  bending-type  deformations  are  determined 
by  comparing  experimental  results  with  some  simplified  theoretical  calcula¬ 
tions.  Some  experimental  results  on  the  properties  of  the  model  surface 
material  are  also  included.  The  results  of  the  wind-tunnel  tests  will  be 
presented  in  a  subsequent,  classified  paper. 

MODEL  CONSTRUCTION 

The  AIRMAT  type  of  lifting  surface  construction,  where  the  spacing  of 
the  surfaces  is  achieved  by  chords  held  in  tension  by  internal  pressure,  was 
conceived  and  is  presently  under  development  by  Goodyear  Aircraft  Company, 
Akron,  Mhio.  Special  looms  have  been  developed  which  weave  the  two  surfaces 
and  the  drop  chords  in  one  integral  operation,  and  the  elastomer  used  to  make 
the  surface  material  air  tight  is  applied  after  the  weaving  operation.  Variable 
depth  mats  can  also  be  formed  on  these  looms.  * 

Since  the  total  number  of  models  required  for  the  program  was  small, 
methods  with  high  productivity  capabilities  with  their  correspondingly  long 
setup  times  and  scheduling  difficulties  were  not  desirable.  Even  more  im¬ 
portant,  it  is  almost  certain  on  the  basis  of  past  experience  that  some  future 
efforts  will  have  to  be  made  toward  simulating  the  full-size  vehicles  with 
scaled-down  models.  The  full-size  vehicles  will  be  constructed  of  a  stainless 
steel  mesh  sealed  with  an  elastomer  capable  of  withstanding  the  temperatures 
of  1500  F  which  will  be  experienced  during  reentry.  To  achieve  dynamic 
similarity,  the  materials  used  in  the  scaled-down  model  will  necessarily  have 
to  be  different  than  those  used  for  the  full-scale  vehicle.  In  such  cases,  it  is 
considered  likely  that  simple  rubber  or  impermeable  cloth  material  will 
suffice.  On  the  basis  of  these  considerations,  it  was  decided  to.  explore 
alternate  methods  of  model  construction  which  would  require  very  little 
equipment  and  permit  a  large  degree  of  flexibility  insofar  as  model  properties 
were  concerned.  The  following  method  of  model  construction  was  finally 
adopted. 


*  Development  work  on  these  looms  was  sponsored  by  the  Manufacturing 
Technology  Laboratory,  Wright  Patterson  Air  Force  Base,  Dayton,  Ohio 
under  Contract  No.  AF  33(600)-43036. 
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A  styrofoam  mandril,  shaped  to  the  dimensions  of  the  desired  model, 
is  attached  to  a  wooden  root  fitting.  A  nylon  or  dacron  cloth,  which  has 
been  pre- impregnated  with  latex  rubber  and  cut  to  the  correct  size,  is 
wrapped  around  the  styrofoam  core  and  root  fitting.  All  seams  are  sealed 
with  neoprene  cement.  Next,  the  drop  chords  are  put  in  by  sewing  back 
and  forth  through  the  top  and  bottom  surfaces  with  a  needle  and  thread.  To 
insure  that  the  drop  chords  are  reasonably  perpendicular  to  the  model  surface, 
it  has  been  found  necessary  to  pre-drill  the  styrofoam  core  using  an  array  of 
heated  needles,  since  the  sewing  needle  has  a  tendency  to  wander  when  piercing 
the  styrofoam.  For  the  present  model,  a  drop  chord  spacing  of  one-quarter 
inch  has  been  found  to  be  satisfactory.  Also,  it  is  not  necessary  to  sew  the 
leading  and  trailing-edge  regions  since  they  are  rounded  and  will  automatic¬ 
ally  assume  the  desired  cylindrical  shape  upon  inflation.  After  all  the  drop 
.chords  are  sewn,  a  coat  of  latex  is  applied  to  seal  the  holes  made  by  the  drop 
chords.  The  next  step  is  to  remove  the  styrofoam  core  by  dissolving  it  with 
a  common  solvent  such  as  Toluene. 

It  is  evident  that  the  foregoing  is  a  relatively  quick  and  inexpensive  way 
of  producing  inflatable  models .  One  of  its  greatest  advantages  is  that  the 
size  or  shape  of  the  model  depends  on  the  styrofoam  core,  and  can  be  very 
easily  changed.  The  material  properties  can  be  changed  by  (1)  selecting  a 
different  cloth,  (2)  selecting  a  different  latex,  (3)  varying  the  number  of 
layers  of  cloth  imbedded  in  the  latex ,  (4)  varying  the  number  of  coats  of 
latex,  and  (5)  varying  the  orientation  of  the  cloth  threads. 

A  large  number  of  delta- wing  models,  as  well  as  square  and  rectangular 
models  and  even  a  model  with  a  large  initial  curvature,  havd  been  constructed 
using  this  procedure  by  ASRL  personnel  and  by  students  working  on  thesis  or 
laboratory  proj  ects.  Photographs  of  some  of  the  models  are  shown  in  Fig.  4  , 
which  also  includes  a  picture  of  a  model  constructed  and  donated  by  the  Good¬ 
year  Aircraft  Company. 

A  system  for  maintaining  any  desired  pressure  differential  between  model 
internal  pressure  and  any  reference  pressure  (atmospheric  pressure  during 
static  and  vibration  testing,  tunnel  static  pressure  during  wind-tunnel  tests), 
is  connected  to  the  model  through  the  wooden  root  fitting  (see  Fig.  5). 

Strain  gages  (Baldwin,  PA-3  post-yield  type)  for  use  in  static  and  dynamic 
measurements  are  fastened  to  the  model  surface  using  neoprene  cement  and 
covered  with  a  protective  coating  of  latex.  Because  of  the  large  deflections 
encountered  in  these  models,  care  must  be  taken  to  allow  enough  slack  in  the 
strain-gage  leads  (such  as  zig-zagging  the  leads,  (Fig.  5))  to  prevent  lead-wire 
breakage  during  model  tests. 


MODEL  VIBRATION 


The  excitation  system  used  for  vibration  tests  is  shown  in  Fig.  6.  It 
consists  of  a  basic  audio  system  with  a  low  frequency  speaker.  The  speaker 
cone  is  covered  by  a  tapered  aluminum  cover  with  a  1-1/4  inch  orifice  to  con¬ 
centrate  the  air  column  at  the  model  surface.  The  vibration  frequencies  and 
damping  coefficients  were  obtained  from  vibration  decay  records.  Node  lines 
were  determined  by  sprinkling  carborundum  dust  (no.  40  grit)  on  the  model 
surface  while  the  model  was  vibrating  in  a  natural  mode.  This  system  is  ex¬ 
tremely  well- suited  for  vibrating  light  models  and  the  only  problem  has  been 
one  of  over-excitation,  especially  for  the  higher  modes.  If  the  excitation 
force  is  too  large,  local  responses  are  superimp- ^ed  on  the  natural  mode  re¬ 
sponse.  This  effect  can  be  minimized  by  positioning  the  speaker  for  each 
mode  at  the  point  of  maximum  vibration  amplitude,  so  as  to  excite  the  mode 
with  a  minimum  force. 

Vibration  data  for  two,  single -ply,  nylon  models  with  65°  sweep  is 
shown  in  Fig.  7,  and  the  results  for  two-ply  dacron  models  with  65°  and  75° 
sweep  are  given  in  Fig.  8.  The  model  properties  are  given  in  Table  1.  The 
node  lines  for  the  first  three  modes  are  very  similar  to  those  for  a  uniform 
aluminum  swept  back  plate  (Ref.  5).  The  effect  of  the  warp  direction  shows 
up  mainly  in  the  difference  in  mode  shape  for  the  fourth  mode  of  Models  A 
and  B.  The  difference  in  frequencies  between  the  two  models  is  due  to  the 
different  model  weights.  Changing  over  to  double  layers  of  dacron  causes  a 
large  change  in  the  frequencies  although  the  mode  shapes  remain  similar,  at 
least  for  the  first  three  modes.  The  most  noticeable  effect  is  in  the  closeness 
of  the  second  and  third  frequency  for  Model  C. 

Table  1.  PROPERTIES  OF  INFLATABLE  MODELS 


Model 

Chord 

Angle 

Depth 

Weight 

Remarks 

A 

23.5  in. 

65° 

1-5/16  in. 

0.348  lbs. 

Single -Ply  Nylon* 

B 

24 

65 

1-3/8 

0.280 

Single -Ply  Nylon 

C 

24 

65 

1-3/8 

0.324 

Double -Ply  Dacron** 

D 

24 

75 

1-3/8 

0.219 

Double -Ply  Dacron 

E 

24 

65 

1-3/8 

0.240 

Single -Ply  Nylon 

F 

24 

2 

1.38 

Single -Ply  Nylon, 
rectangular  planform  of 
12  x  24  inches 

Good¬ 

year 

24 

2 

0.323 

Loom -Woven  Nylon, 
Neoprene  coating, 
rectangular  planform  of 
12  x  24  inches 

*  The  nylon  cloth  had  100  thread  counts  per  inch  in  both  the  warp  and  fill 
directions. 

**  The  dacron  cloth  had  100  thread  counts  per  inch  in  the  fill  direction  and 
75  in  the  warp  direction. 


The  experimental  frequencies  are  compared  with  calculations  based  on 
the  assumption  of  only  pure  shear  type  deformations  (Appendix  A)  in  Table  2 , 
which  shows  that  the  assumption  is  not  a  valid  one.  For  Models  A  and  B,  the 
experimental  frequencies  are  much  lower  than  those  predicted  by  theory, 
indicating  that  the  stiffness  properties  of  the  surface  material  have  an 
appreciable  effect  and  must  be  accounted  for.  For  Model  C,  the  results  are 
completely  reversed,  with  theory  predicting  much  lower  frequencies.  This 
is  probably  due  to  two  causes.  First,  bending  effects  should  be  much  lower  in 
Model  C  with  its  double  layer  of  dacron  material.  Second,  Model  C  actually 
has  four  layers  of  cloth  material  along  the  leading  and  trailing  edge,  due  to 
overlap  at  the  seams,  and  the  transverse  shear  rigidity  of  these  edges  adds  a 
large  amount  of  stiffness  to  the  model. 


Table  2.  COMPARISON  OF  EXPERIMENTAL  AND 

THEORETICAL  FREQUENCIES  FOR  DELTA -WING 
MODELS 


Experiment 

Theory 

Mode 

Model  A 

B 

C 

Model  A 

B 

C 

1 

14. 3  cps 

16.7 

26.4 

18.2 

20.4 

19.0 

2 

30.7 

33.7 

52.5 

36.6 

40.  9 

38.0 

3 

47.  9 

52.6 

59.2 

50.5 

56.4 

52.4 

The  effect  of  model  pressure  on  the  vibration  frequencies  of  Models  B 
and  C  is  given  in  Tables  3  and  4.  It  should  be  observed  that  the  frequencies  do 
not  vary  as  the  square  root  of  the  model  pressure,  as  would  be  expected  if  the 
deformations  were  mainly  of  the  shear  type. 

Table  3.  EFFECT  OF  MODEL  PRESSURE  ON  VIBRATION 
FREQUENCIES  OF  MODEL  B 


Pressure 

1 

2  Mode  3 

4 

1  psig. 

14.2 

27.  5 

41.8 

59.4 

2 

16.7 

33.7 

52.6 

76.5 

4 

19.8 

40.8 

64.9 

97.0 

Table  4.  EFFECT  OF  MODEL  PRESSURE  ON  VIBRATION 
FREQUENCIES  OF  MODEL  C 


Pressure 

Mode 

1 

2 

3 

4 

2  psig. 

26.4 

52.5 

59.2 

WMBM 

4 

30.0 

62.9 

77.5 

6 

33.0 

70.0 

89.0 

133 

8 

34.6 

75.0 

96.6 

146 

10 

36.3 

80.0 

117 

161 
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Because  of  the  lightness  of  the  models,  it  is  evident  that  there  will  be  a 
small  but  noticeable  apparent-mass  effect  on  the  vibration  frequencies  meas¬ 
ured  in  air  as  compared  with  those  that  would  be  measured  in  a  vacuum.  This 
effect  can  be  estimated  for  the  fundamental  mode  by  assuming  the  mass  of  air, 
m  ,  contained  in  the  cone  formed  by  rotating  the  delta  model  about  its  root 

chord,  is  uniformly  distributed  over  the  planform  and  added  to  the  total 

mass  of  the  model.  If  m  is  the  total  mass  of  the  model,  f  is  the  fundamental 

v 

frequency  in  vacuum,  and  f  is  the  fundamental  frequency  at  any  ambient  pres- 

P 

sure,  the  following  relation  holds : 


Jl  =  /  w 

f«  V  >»*wa 

m 

For  small - - - ,  which  applies  here, 

m 


(1) 


f,  ~  (2) 

f,  "  1  m 

To  check  the  apparent-mass  effects,  one  model  (Model  E)  was  vibrated  in  a 

vacuum  chamber  at  several  values  of  reduced  ambient  pressures,  and  at  model 

pressures  of  2  and  4  psig.  The  experimental  values  are  given  in  Fig.  9,  where 

a  straight  line  is  passed  through  the  points,  since  f  /f  is  essentially  linear  in 

p  v 

m  /m  as  noted  in  Eq.  (2).  For  Model  E  the  predicted  reduction  in  frequency 

<A 

of  the  fundamental  mode  due  to  the  apparent-mass  is  approximately  12  percent, 
which  is  of  the  same  order  of  magnitude  as  the  experimentally  observed  values 
of  about  9  percent.  For  the  higher  frequencies,  one  anticipates  an  even  smaller 
influence,  and  this  is  confirmed  by  the  experimental  results. 

A  comparison  between  two  models,  one  built  and  donated  by  Goodyear 
Aircraft  Co. ,  and  the  other  constructed  using  the  techniques  described 
previously  (Model  F),  was  made  in  Reference  6  and  some  of  the  results  are 
reproduced  in  Fig.  10.  The  model  data  corresponding  to  the  results  of  Fig. 

10  are  given  in  Table  1.  The  M.I.T.  model  is  much  heavier  than  the  Goodyear 
model  because  of  extra  coatings  of  latex.  The  effect  of  the  number  of  coatings 
was  investigated  in  Reference  5  and  only  the  results  for  the  heaviest  configur¬ 
ation  are  given  here.* 


*  Adding  extra  coats  of  latex  decreases  the  frequencies,  but  also  adds  some 
additional  stiffness  as  evidenced  by  the  fact  that  the  change  in  frequencies 
was  not  inversely  proportional  to  the  square  root  of  the  total  mass  (Ref.  6). 
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From  Fig.  10,  it  is  seen  that  the  first  two  modes  are  similar  for  both 
models.  However,  it  was  not  possible  to  excite  mode  shapes  on  the  Goodyear 
model  corresponding  to  those  obtained  for  the  third  and  fourth  modes  of  the 
M.I.T.  model.  The  fifth  mode  of  the  M.I.T.  model  appears  to  correspond  to 
the  fourth  mode  of  the  Goodyear  model.  The  mode  shapes  of  the  Goodyear 
model  were  particularly  clear  which  is  undoubtedly  due  to  its  more  uniform 
construction,  as  it  is  machine  woven  rather  than  hand  sewn.  It  would  be 
noted  that  the  M.I.T.  model  had  a  uniform  drop  chord  spacing  of  1/4  inch, 
while  the  Goodyear  model  had  drop  chords  spaced  every  1/4  inch  in  the  chord- 
wise  direction,  and  every  1/2  inch  followed  by  1/8  inch,  alternately,  in  the 
spanwise  direction. 

The  results  of  calculations  carried  out  for  the  case  of  pure  shear 
(Appendix  A)  are  compared  with  the  experimental  data  in  Table  5.  Here, 
the  assumption  of  pure  shear  type  deformations  appears  to  yield  reasonably 
good  predictions  for  both  models. 


Table  5.  COMPARISON  OF  EXPERIMENTAL  AND  THEORETICAL 
FREQUENCIES  FOR  THE  M.I.T.  AND  GOODYEAR 
RECTANGULAR  MODELS 


Mode 

M.I. 

T. 

Goodyear  j 

Theory 

Experiment 

Theory 

Experiment 

1 

118  cps 

11.7 

24.5 

22.  3 

2 

17.6 

14.6 

36.4 

38.1 

3 

31.5 

27.9 

65.2 

58  4 

STATIC  TESTS 

Model  A  was  tested  for  static  deflection  under  a  uniform  load  by  placing 
sheets  of  lead  on  the  model  surface  and  measuring  the  deflection  at  three  points 
along  the  leading  and  trailing  edges.  The  lead  sheet  was  cut  into  small  pieces 
(2x2  in.)  which  were  joined  by  tape  so  that  the  lead  contributes  negligible 
stiffness.  The  results  of  the  tests  are  given  in  Fig.  11.  In  Table  6,  the 
experimental  values  are  compared  with  theoretical  predications  based  on  the 
assumption  of  shear  deformation  only. 
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Table  6.  COMPARISON  OF  THEORETICAL  AND  EXPERIMENTAL 
DEFLECTIONS  OF  MODEL  A  UNDER  A  STATIC  UNIFORM 
LOAD  (MODEL  PRESSURE  IS  2  PSIG. ) 

Station 


Theory  0.164  in. 

Exp.  0.22 

Theory  0. 328 

Exp.  0.56 

Theory  0.492 

Exp.  0.94 

From  the  results,  several  important  observations  can  be  made:  (1)  the 
experimental  system  does  not  exhibit  linear  behavior  with  change  in  pressure 
(2)  the  range  of  linearity  with  respect  to  load  depends  on  the  model  pressure, 
and  (3)  the  theoretical  deflections,  wherein  bending  deformations  are  excludec 
are  considerably  less  than  the  observed  deflections,  indicating  the  presence 
of  bending  deformations  which  are  of  the  same  order  of  magnitude  as  the  shea 
deformations. 

Figure  12  shows  the  effect  of  angle  of  attack  on  the  steady  deflection  of 
Model  B  while  flying  at  a  Mach  number  of  5  in  Tunnel  A  of  the  Von  Karman 
Gas  Dynamics  Facility,  ARO,  Tullahoma,  Tennessee.  Although  the  dynamic 
pressure  under  which  the  photographs  were  taken  were  about  two  orders  of 
magnitude  larger  than  those  which  would  be  experienced  during  an  actual 
flight  (Fig.  3),  it  is  interesting  to  note  the  extremely  large  deflections  which 
these  models  are  capable  of  sustaining  without  collapse.  Vibration  tests 
made  after  these  photographs  were  taken  showed  the  vibration  character¬ 
istics  of  the  model  to  be  unchanged. 

VIBRATION  MODE  SHAPES 

An  accurate  knowledge  of  the  vibration  mode  shapes  of  the  inflatable 
models  would  be  extremely  useful  for  checking  the  results  of  theoretical 
vibntion  calculations  and  also  for  calculating  the  generalized  mass  and 
aerodynamic  forces  needed  in  the  flutter  calculations.  In  this  way,  the 
mode  shape  data  can  be  used  in  the  final  steps  of  one  problem  area  (vibra¬ 
tion  analysis)  and  the  initial  steps  of  another  problem  area  (flutter  analysis), 
making  it  possible  to  attack  both  problems  independently  of  one  another. 

As  an  initial  effort,  an  attempt  was  made  to  measure  the  first  six 
vibration  mode  shapes  of  Model  B  using  an  optical  technique  which  has 
proved  successful  in  other  mode  shape  measurements  (7,8,  9).  For  the 
tests,  optically  flat  mirrors  (3/16  x  3/16  x  0.020  inches)  were  glued  to 
one  side  of  the  wing  at  each  of  37  stations  using  bee's  wax  as  an  adhesive 


Total  Load 
2.33  lbs. 

4.66 

6.99 


(see  Fig.  13).  The  wing  was  mounted  vertically,  with  the  root  parallel  to 
the  floor,  and  with  the  mirrors  facing  a  4  x  8  foot  board  located  about  10 
feet  away  and  covered  with  grid  lines  spaced  at  0. 40  inch  intervals.  Light, 
from  a  point  light  source  placed  under  the  4x8  foot  board,  was  passed 
through  37  lenses  (1/4"  and  1"  diameter)  mounted  just  in  front  of  the  wing 
in  a  rigid  board.  The  light  was  made  parallel  by  the  lenses  and  then  re¬ 
flected  from  the  mirrors  back  through  the  lenses,  forming  an  image  of  the 
point  source  (called  a  dot  from  here  on)  on  the  4x8  foot  board,  for  each 
mirror  on  the  wing.  A  schematic  of  the  optical  system  for  one  mirror  is 
shown  in  Fig.  14. 

When  the  wing  is  vibrated  at  one  of  its  natural  frequencies,  the  dots 
trace  out  lines  on  the  4x8  foot  screen  which  are  a  direct  measure  of  the 
relative  magnitude  and  direction  of  the  change  in  slope  of  the  wing,  during 
each  cycle  of  vibration,  at  each  mirror  station.  The  change  in  slope  in  the 
horizontal  (x  or  streamwise)  and  vertical  (y  or  spanwise)  directions  can  be 
determined  by  measuring  appropriate  components  of  the  resulting  traces. 
Integration  of  the  slopes  along  any  given  direction  yields  the  model 
deflection  amplitude  at  the  various  stations. 

To  facilitate  data  reduction  and  insure  that  the  data  was  all  recorded  at 
the  same  vibration  amplitude,  a  photograph  was  taken  of  all  the  lines  on  the 
board  while  the  model  was  vibrating  in  a  natural  mode.  No  particular  effort 
was  devoted  to  placing  the  dots  in  a  particular  initial  spot  on  the  board.  The 
dots  were  identified  prior  to  taking  the  photograph  and  an  identification  num¬ 
ber  was  written  beside  each  dot  on  the  board.  This  procedure  required  a 
double  exposure.  The  first  exposure  was  made  with  room  lights  on  to  record 
the  grid  lines  and  identifying  numbers.  The  second  was  made  in  complete 
darkness  to  record  the  dot  traces.  Figure  15  is  typical  of  the  photographs 
obtained. 

Mode  shape  data  was  taken  for  the  first  six  modes  of  Model  B  at  model 
pressures  of  1,  2,  3  and  4  psig.  Only  the  data  for  the  first  three  modes  at 
a  model  pressure  of  2  psig  has  been  reduced  to  date.  The  mode  shapes  are 
given  in  Figs.  16-18.  As  previously  mentioned,  the  data  was  x-educed  by 
measuring  the  streamwise  and  spanwise  components  of  the  line  for  each 
mirror.  The  data  was  plotted  in  both  directions  and  along  diagonals  as  well, 
and  the  curves  were  used  to  find  values  of  the  slope  at  the  root  and  at  inter¬ 
mediate  stations  where  there  were  no  mirrors.  It  should  be  pointed  out  that 
the  algebraic  sign  of  the  slopes  is  not  obtained  directly  from  the  photographs, 
but  must  be  determined  by  making  recoui'se  to  previous  vibration  data  where 
the  mode  lines  have  been  determined;  this  presents  a  difficult  problem  for 
the  higher  modes.  The  vibration  amplitude  was  then  found  by  numerical 
integration  of  the  curves  obtained  in  the  previous  step.  To  find  the  vibration 
amplitude  at  any  point,  there  ax*e  two  main  paths  along  which  one  may  proceed. 
Taking  point  22  in  Fig.  13.  for  example,  it  is  possible  to  find  its  amplitude 
by,  (1)  integrating  along  the  spanwise  direction  starting  from  point  2GR, 
or  (2)  integrating  along  another  spanwise  section,  say  the  rearmost  section. 


from  point  1R  to  point  3  and  from  there  integrating  in  a  streamwise  direction 
to  point  22.  In  practice  it  has  been  found  necessary  to  carry  out  such  a  pro¬ 
cess  for  each  point,  compare  the  results,  and  then  reinterpret  the  original 
data  to  make  the  overall  agreement  better.  From  the  type  of  agreement  ob¬ 
tained  for  the  inflatable  models  by  this  procedure,  it  is  evident  that  the  re¬ 
sults  shown  in  Figs.  16-18  are  not  nearly  as  accurate  as  previous  results 
obtained  by  applying  the  same  techniques  on  solid  wings  (7,  8).  The  main  source 
of  error  lies  in  determining  the  spanwise  slope  at  the  model  root.  For  solid 
models,  this  slope  is  zero,  while  for  inflatable  models  it  is  not.  In  fact,  there 
are  very  marked  fluctuations  in  the  spanwise  slope  near  the  root  and  the  mirrors 
should  have  been  placed  much  closer  to  the  root  than  the  one- inch  spanwise 
spacing  shown  in  Fig.  13. 

Another  problem  encountered  during  the  tests  was  that  the  mirrors  were 
found  to  bend  as  the  model  pressure  was  increased.  This  was  caused  by  local 
stretching  of  the  model  surface  between  drop  chords  and  could  be  alleviated  by 
using  slightly  stronger  (and  heavier)  mirrors.  The  bending  of  the  mirrors 
manifested  itself  by  turning  the  dot  on  the  board  into  a  line.  In  an  extreme 
case,  the  dot,  which  is  normally  about  3/32  inches  in  diameter,  was  expanded 
into  a  3/16  x  3/4  inch  line.  When  this  occurred,  it  was  necessary  to  remount 
the  mirrors.  The  effect  was  found  to  be  minimized  by  installing  the  mirrors 
at  the  maximum  model  pressure,  the  b<.  nding  being  less  noticeable  with  decrease 
in  pressure.  With  regards  to  the  effect  of  the  mirrors  on  the  vibration  results, 
the  frequencies  and  node  lines  were  determined  at  a  model  pressure  of  2  psig, 
using  the  technique  previously  described,  both  with  and  without  the  mirrors, 
and  there  was  no  measureable  difference  between  the  results  for  the  two  cases. 

Finally,  the  mode  shapes  for  the  first  three  modes  were  used  to  compute 
the  following  generalized  masses: 


Mj  1197 

M  3 
12 

34.  4 

M22’  582-4 

**13* 

39.0 

M33‘  141.3 

M23° 

18.3 

Since  the  cross  terms  are  not  zero,  it  is  evident  that  the  modes  are  not 
normal  to  each  other  and  arc  therefore  not  the  time  vibration  modes.  An 
estimate  of  the  error  can  be  determined  by  comparing  M, .  with  the  square 

’Jm.'m""),  this 

*  11  -5-i 


In  the  worst  case  (M^  compared  with 


root  of  M..xM.,. 

a  jj 

amounts  to  a  little  less  than  ten  percent.  It  should  be  noted  that  the  gener¬ 
alized  masses  computed  about  having  been  corrected  for  the  effect  of  a  non- 
uniform  mass  distribution  caused  by  material  lap-over  at  the  seams  along 
the  leading  and  trailing  edges.  In  some  cases,  this  correction,  which  was 
Only  approximate  in  the  sense  that  the  exact  amount  of  lap-over  was  not 
known,  was  of  the  same  order  of  magnitude  as  the  cross  terms  and  could 
account  for  an  appreciable  part  of  the  error. 
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MATERIAL  PROPERTIES 
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From  the  comparison  between  experimental  vibration  results  and 
theoretical  calculations  based  on  the  assumption  of  pure  shear  type  de¬ 
formations,  it  is  evident  that  the  bending  deformations,  which  are  depen¬ 
dent  upon  the  properties  of  the  model  surface  material,  are  important  and 
must  be  accounted  for.  Accordingly,  a  limited  amount  of  work  was  per¬ 
formed  to  determine  the  material  properties  of  the  nylon  cloth  used  in  the 
construction  of  the  models.  The  test  specimens  were  two,  4"  diameter, 

17 :t  long,  rubberized  nylon  cylinders.  Each  cylinder  was  sealed  at  both 
ends  with  an  aluminum  disk  and  inflated  to  a  pressure  which  made  the  skin 
stress  in  the  cylinder  equal  to  that  value  encountered  in  the  model.  The 


values  of  the  extensional  moduli  in  the  warp  and  fill  direction,  E  t  and 

w 


E^t,  respectively,  and  the  shear  stiffness,  Gt,  were  obtained  from  the 

test  results.  The  two  cylinders  differed  from  each  other  only  in  that  one 
had  the  cloth  warp  in  the  axial  direction,  whereas  the  other  had  the  warp 
in  the  circumferential  direction. 


Since  the  material  properties  are  known  to  be  a  function  of  the  stress 
condition,  it  is  necessary  to  run  the  tests  at  the  stress  conditions  present 
in  the  model  in  the  inflated  condition.  To  find  the  required  pressure  for 
the  cylinders,  consider  the  typical  model  where  the  stress  in  the  material 
is  essentially  equal  in  all  directions,  and  is  given  by 


where 


at  is  the  stress  times  material  thichness. 


p.  is  tne  model  pressure,  psi. 


h  is  the  depth  of  the  model,  in. 


The  hoop  stress  in  the  cylinder,  cr^t,  is  given  by 


<rh*  *  P<c-r 


where 


p.  is  the  cylinder  pressure,  psi. 
c 


D  is  the  cylinder  diameter,  in. 


Requiring  that  the  model  and  hoop  stress  be  equal,  gives 

p‘c“  'o’  Pi  <5> 

as  the  required  cylinder  pressure.  The  axial  stress  in  the  cylinder  is  one- 
half  the  hoop  stress,  and  an  additional  load  must  therefore  be  added  to  the 
cylinder  in  the  axial  direction  to  increase  the  axial  stress  level  to  that  of 
the  hoop  stress.  The  additional  load  required  is 

Load  »  Tf  (6) 

The  tests  were  run  with  the  longitudinal  axis  of  the  cylinder  in  a  vertical 
direction  so  that  the  extra  load  could  be  applied  by  simply  hanging  the  re¬ 
quired  weight  from  the  bottom  edge  of  the  cylinder.  This  configuration 
requires  that  Eq.  (6)  be  modified  to  account  for  the  effect  of  the  weight  of 
the  cylinder  and  cylinder  end  plates.  In  the  tests,  therefore,  the  extra 
load  given  by  Eq.  (6)  was  reduced  by  one-half  the  total  weight  of  the  cylinder 
test  units. 

A  test  consisted  of  setting  up  equilibrium  conditions  in  the  cylinder 
corresponding  to  some  value  of  model  pressure  and  recording  the  distance 
between  two  reference  points  near  each  end  of  the  cylinder.  The  axial  load 
was  then  varied  through  a  range  which  bracketed  the  original  load  by  remov¬ 
ing  or  adding  weights,  and  the  distance  between  the  reference  points  was 
recorded  for  each  loading  condition.  After  each  reading,  the  cylinder  was 
loaded  as  in  the  original  loading  condition,  and  allowed  to  return  to  its 
original  zero.  All  readings  were  taken  as  quickly  as  possible  to  minimize 
the  effects  due  to  creep. 

The  results  of  these  tests  are  presented  in  Table  7,  where  the  values 
given  are  averages  from  a  number  of  trials.  It  is  estimated  that  the  error 
in  E^t  is  about  +  8%  for  the  p.  =  0.  688  psi  case  and  about  +  4%  for  the 

c 

p.  =1.03  psi  case.  For  the  E  t,  the  error  is  about  +  3%  for  the  p.  =  0.688 
l  w  -  *1 

c  c 

psi  case,  and  about  8%  for  p.  =1.03  psi  case. 

c 


Table  7.  AVERAGE  EXPERIMENTAL  VALUES  OP  THE 

EXTENSIONAL,  Et,  MODULUS  FOR  SINGLE  PLY, 
LATEX  IMPREGNATED,  NYLON  CLOTH 


Cylinder 

Internal 

Corresponding 

Model 

E  t 

Et 

Pressure 

Pressure 

w 

I 

(psig) 

(psig) 

(lb /in) 

(lb /in) 

0.688 

2.0 

148 

109 

1.03 

3.0 

i63 

119 

The  material  is  more  stiff  in  the  warp  direction  than  in  the  fill  direction, 
probably  due  to  the  fact  that,  at  low  stresses,  extensions  are  dominated 
by  thread  straightening,  and  the  warp  threads,  which  are  straighter  than 
the  fill  threads,  are  less  susceptible  to  this  type  of  extension.  This  would 
also  explain  the  increase  of  stiffness  with  internal  pressure. 

The  two  inflatable  cylinders  were  also  tested  at  the  same  stress  levels 
in  torsion  to  measure  the  shear  stiffness,  Gt,  of  the  material.  Rotation  of 
the  bottom  of  the  cylinder  due  to  an  applied  torque  were  measured  with  a 
double  ended  pointer  attached  to  the  bottom  disk  of  the  cylinder.  Angles 
were  read  from  a  protractor  mounted  on  a  shelf  below  the  rotating  cylinder 
Torque  was  applied  to  either  side  of  a  pulley  mounted  below  the  pointer. 

As  was  done  with  the  axial  tests,  readings  after  load  application  were  read 
as  quickly  as  possible,  and  after  every  reading,  the  torque  was  removed 
and  the  cylinder  was  allowed  to  return  to  zero  deflection.  The  shear  stiff¬ 
ness  was  determined  from 


.4  r  (?) 

7 TQD* 

where 


T  is  the  applied  torque,  in.  -lb. 

6  is  the  twist  per  unit  length,  rad /in. 

D  is  the  diameter  of  the  cylinder,  in. 

The  results,  as  given  in  Table  8  (again  only  average  values  are  given), 
reveal  that  the  shear  stiffness  is  essentially  the  same  in  both  the  warp  and 


Table  8.  AVERAGE  EXPERIMENTAL  VALUES  OF  TORSIONAL 
STIFFNESS,  Gt,  FOR  SINGLE  PLY  LATEX  IMPREG¬ 
NATED  NYLON  CLOTH 


Type  of 
Test 

Cylinder 

Internal 

Pressure 

(psig) 

Corresponding 

Model 

Pressure 

(psig) 

G  t 
w 

(lb /in/ 
rad) 

G{t 

(lb /in 
rad) 

Static 

0.688 

2.0 

4.  35 

4.64 

1.03 

3.0 

5.  79 

5.51 

Dynamic 

0.688 

2.0 

5.  53 

4.41 

1.03 

3.0 

6.28 

none 

available 

_ 

As  a  check  on  the  results  of  the  static  torsion  tests,  the  cylinders  were 
tested  dynamically,  using  each  in  turn  as  a  torsional  pendulum.  This  method 
hopefully  minimizes  the  effect  of  creep,  which  is  difficult  to  control  in  the 
static  method.  The  cylinder  being  tested  had  one  of  its  ends  clamped  to  a  ho¬ 
rizontal  strut  from  which  the  model  was  hung  vertically.  A  rod,  14"  long,  was 
fixed  horizontally  to  the  lower  free  end  of  the  cylinder.  To  each  end  of  this 
rod,  equal  masses  were  attached  (the  distance  cf  each  known  mass  from  the 
center  of  the  rod  could  be  varied).  A  hook  from  which  weights  could  be  hung 
was  attached  to  the  bottom  of  the  cylinder  using  a  thin  wire.  This  allowed 
the  cylinder  to  twist  independently  of  the  weights,  since  the  added  stiffness  of 
the  wire  can  be  considered  to  be  negligible  compared  to  the  cylinder's  stiff¬ 
ness.  After  the  required  weights  were  added  to  the  bottom  of  the  cylinder 
(to  equalize  the  biaxial  stresses)  the  cylinder  was  inflated  to  the  required 
pressure,  and  the  adjustable  rotating  weights  were  set  at  their  maximum  dis¬ 
tance  from  the  center  of  the  rod  (condition  no.  1).  Then,  using  a  stop  watch, 
the  natural  torsional  frequency  of  the  cylinder -weight  combination  was  found. 
Since  there  was  considerable  damping  in  the  system,  the  cylinder  required  con¬ 
tinuous  exciting  torque  and  was  twisted  slightly  by  hand  during  each  cycle.  The 
weights  were  next  moved  in  towards  the  center  (condition  no.  2),  and  a  new  na¬ 
tural  frequency  was  determined.  The  shear  stiffness  from  the  dynamic  tests 
can  be  shown  to  be  given  by 
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.Vt 


(8) 


Gt 

where 


Ifc  ~tr  X 

12  D* 


Aloe 


X  is  the  length  of  cylinder,  in. 

fjjfg  are  the  measured  frequencies  corresponding  to  test  conditions 
1  and  2,  respectively,  cps. 

D  is  the  diameter  of  cylinder,  in. 

Aloe  is  the  change  in  moment  of  inertia  between  conditions  1  and  2, 
slugs -in2. 

The  results  of  the  dynamic  tests  are  included  in  Table  8. 


A  comparison  of  the  static  and  dynamic  tests  (Table  8)  for  G^t  suggests 

that  the  effect  of  creep  in  the  static  tests  is  important  and  leads  to  lower 
measured  values  of  torsional  stiffness.  It  is  not  known  why  the  dynamic  value 
for  Gj.t  should  be  lower  than  the  corresponding  static  value. 

Some  attempts  have  also  been  made  to  measure  Poisson1  s  ratio  by 
measuring  the  change  in  circumference  of  the  cylinders  with  a  strip  of  graph 
paper  and  comparing  this  change  with  the  variation  in  length  of  the  cylinder 
under  different  loading  conditions.  Because  of  the  size  of  the  specimen,  fric¬ 
tion  between  the  measuring  tape  and  cylinder,  and  nonuniform  tension  in  the 
measuring  tape  during  measurements,  no  meaningful  results  could  be  obtained. 


CONCLUDING  REMARKS 

As  previously  stated,  this  paper  is  presented  in  the  sense  of  a  progress 
report  on  the  preliminary  phases  of  a  program  on  flutter  of  inflatable  vehicles. 
Within  the  scope  of  the  work  reported  on  here,  it  is  not  possible  to  draw  many 
definite  conclusions.  However,  it  is  possible  to  briefly  summarize  the  results 
as  follows: 

1.  The  model  construction  technique  presented  here  is  simple  and  yields 
relatively  inexpensive  models.  It  is  particularly  applicable  when 
only  a  few  models  are  desired  and  when  different  surface  materials 
are  to  be  used  in  the  individual  models. 

2.  The  experimental  procedures  used  in  testing  the  inflatable  models 
are  very  similar  to  those  used  in  other  model  programs.  With  the 
exception  of  the  "mirror"  made  shape  tests,  no  new  or  special 
techniques  appear  to  be  required. 
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3.  With  a  little  more  effort,  the  mirror  tests  can  be  made  to  yield 
mode  shapes  which  will  be  sufficiently  accurate  for  use  in  flutter 
calculations.  The  results  will  also  be  applicable  for  checking 
theoretical  vibration  calculations. 

4.  The  apparent  mass  effects  due  to  vibration  in  still  air  on  the  meas¬ 
ured  vibration  characteristics  are  significant  and  should  be  accounted 
for. 

5.  Any  theoretical  calculations  used  to  predict  the  static  or  dynamic  be¬ 
havior  of  inflatable  delta  wing  models  of  the  type  presented  here  should 
include  the  effect  of  both  shear  and  bending  type  deformations.  The  ef¬ 
fect  of  any  heavy  or  stiff  seams  along  the  leading  and  trailing  edges 
should  also  be  accounted  for. 

6.  The  problem  of  accurately  determining  the  stiffness  properties  of  the 
model  surface  material  must  be  resolved  before  the  effects  of  bending 
type  deformations  can  be  included  in  the  vibration  calculations.  From 
the  preliminary  results,  dynamic  testing  methods  applied  to  cylindri¬ 
cal  test  specimens  appear  to  offer  an  alternate,  and  possibly  more 
promising  approach  to  the  static  methods  now  in  common  use. 
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APPENDIX  A 

THEORETICAL  CONSIDERATIONS 


For  an  inflatable  model,  the  internal  strain  energy  may  be  written  as 


2  JJ [  +  An  +  ^  A, i  +  Aj3  (tf/Sx )  Jdxdy. 

$ 


-t 


z 


JJfij h[(”* 

s 


i-<x)Z  -t  (nfy  +/3)Z J  dxdy 


(A.l) 


Here  A^,  ...  are  dependent  on  the  structural  properties  of  the  covers,  and 

are  constants  for  uniform  depth  h.  ur  is  the  lateral  deflection  from  the  plane 
x-y  of  the  plate,  Pj  is  the  differential  pressure  across  the  model  surface, 
and  ot  and  ft  are  the  angles  of  rotation  of  the  drop  chords  in  x  and  y  direc¬ 
tions,  respectively.  The  coordinate  directions  are  shown  in  Fig  .  16  .  The 
subscripts  indicate  partial  differentiation  with  respect  to  the  indicated  direction. 


It  is  constructive  to  consider  the  two  limiting  cases  of  (a)  pure  shear  and, 
(b)  pure  bending  deformations.  For  pure  shear,  o(«  /3  s  O  -  In  the  second 
case,  pj  is  large  so  that  no  shear  deformations  are  present  and  wx»  -OL, 
wY  *  -  yfl  .To  assess  the  relative  importance  of  these  two  types  of  deforma¬ 
tions,  consider  the  case  of  pure  shear,  for  which 


(A. a) 

for  constant  depth  h.  A  Rayleigh-Ritz  approach  is  utilized,  which  requires  the 
assumed  model  function  w  to  satisfy  the  geometric  boundary  conditions.  Thus, 
one  may  set  for  a  cantilevered  wing 

^‘4  v»i,H 


where 

wg  is  the  deformation  due  to  shear  only 

1L 

q  is  the  generalized  coordinate  of  the  n  n  mode 
sn 


(A.  3) 


Preceding  page  blank 


ill 


The  kinetic  energy  is 


where 

m  is  mass  per  unit  area. 


The  work  function  is 


jj  Fl£  WnV>)d*^ 

s 

where 

F  is  the  external  force  per  unit  area 


Application  of  Lagrange's  equation  results  in 

JU  W I  z  %n^ clxd^  +  Pj  h  [ur.,Z 

*■  Z  <gsn  ^  ]dxd^  =  JJ  r-i^i  dxdy 

£ 

The  simultaneous  equations  given  by  Eq.  (A.  6)  may  be  solved  by  any  of  the 
well-known  methods,  once  a  set  of  assumed  modal  functions  have  been  selected. 
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The  vibration  and  static  deflection  calculations  referred  to  in  the  paper 
have  been  carried  out  for  the  case  of  pure  shear  using  the  following  set  of  nine 
assumed  modal  functions: 


2 

2  : 

W1 

=  y 

w4  =  x  y 

W7 

=  X  y 

2 

3 

W2 

=  xy 

w5  =  xy 

W8 

=  xy 

2 

3 

4 

W3 

=  y 

w6  =  y 

W9 

=  y 

Unless  otherwise  noted;  all  calculations  are,  based  on  a  uniform  mass 
distribution  with  the  extra  mass  (due  to  seams)  at  the  leading  and  trailing 
edges  simply  included  as  part  of  the  total  mass.  Further  calculations  incor¬ 
porating  the  effect  of  bending  have  necessarily  been  postponed  until  the  re¬ 
quired  values  of  the  material  properties  have  been  determined. 
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Cylinder  -  Sail  -  Hemisphere  Construction 


r\ 


AIRMAT 


Hemisphere  Construction 


FIGURE  I.  SKETCHES  OF  TYPICAL  BLUNTED  DELTA 
INFLATABLE  VEHICLES,  SHOWING  TYPES 
OF  CONSTRUCTION 
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Cylinder 
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FIGURE  2.  BASIC  STRUCTURAL  COMPONENTS  OF 
INFLATABLE  REENTRY  VEHICLES 


FIGURE  3-  TYPICAL  REENTRY  TRAJECTORY  FOR  AN  INFLATABLE  VEHICLE 
y,  *  -1°  (  ENTRY  ANGLE  ),L/0  =  0.577,  h0=400Kft 


FIGURE  4.  SAMPLES  OF  INFLATABLE  MODELS 


FIGURE  5.  SCHEMATIC  OF  MODEL  PRESSURE  REGULATING 
SYSTEM  a  STRAIN  GAGES. 


MODEL  A 


MODEL  B 


WARP  ORIENTATION 


FIGURE  7.  VIBRATION  RESULTS  FOR  TWO,  SINGLE- PLY, 
NYLON  MODELS  AT  A  MODEL  PRESSURE 
DIFFERENTIAL  OF  2ps(g 


MODEL  C 


MODEL  D 


WARP  ORIENTATION 

« - ►INNER  LAYER 

« - ►OUTER  LAYER 


FIGURE  8.  VIBRATION  RESULTS  FOR  TWO,  DOUBLE-PLY, 
DACRON  MODELS  AT  A  MODEL  PRESSURE 
DIFFERENTIAL  OF  2  psig 


O  Mode 
D  Mode 
A  Mode  *?> 


. _ Model  Pressure  s  2  psig 

_ Model  Pressure  =  4  psig 


_  —  A - A— 


-O - 0“  — O 


0  5  Ambient  Pressure  (  psio} 

n_cocuRF  ON  FREQUENCIES 

jre  9'  rrus  of  model  e 


FIGURE  13.  MIRROR  STATIONS  USED  FOR 
DETERMINING  VIBRATION  MODE 
SHAPES  OF  MODEL  B 


‘x8’  Board  Covered  With  “Scotchlite 


FIGURE  14.  SCHEMATIC  OF  TEST  SETUP  FOR  "MIRROR"  TESTS 


Direction 


FIGURE  15.  TYPICAL  PHOTOGRAPH  OF  MODE  SHAPE  DATA.  FOR 
DATA  REDUCTION,  A  15  X  24  IN.  PRINT  IS  USED. 
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EXPERIMENTAL  "MIRROR  MODE  SHAPE  FOR 
FIRST  VIBRATION  MODE  OF  MODEL  B 
(MOOEL  PRESSURE  =  2  psig  ) 


FIGURE  17.  EXPERIMENTAL  “MIRROF"  MODE  SHAPE  FOR 
SECOND  VIBRATION  MODE  OF  MODEL  B 
(MODEL  PRESSURE  «  2  p  g) 


FIGURE  18.  EXPERIMENTAL  "MIRROR"  MODE  SHAPE  FOR 
THIRD  VIBRATION  MODE  OF  MODEL  B 
(MODE  PRESSURE  «  2  psig  ) 
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SUPPORT  SYSTEMS  AND  EXCITATION  TECHNIQUES  FOR  DYNAMIC  MODELS 
OF  SPACE  VEHICLE  STRUCTURES 
Robert  W.  Herr  end  Huey  D.  Carden 
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ABSTRACT 


This  paper  discusses  several  techniques  for  supporting  and  exciting 
dynamic  models  of  space  vehicle  structures  to  study  their  dynamic  properties 
such  as  natural  frequencies,  mode  shapes,  damping,  and  response.  Particular 
attention  is  given  to  a  unique  support  harness  for  vertical  support  of 
missile-like  structures  with  minimum  lateral  restraint.  Included  in  the  dis¬ 
cussion  of  vibration  exciters  is  an  air  shaker  which  is  particularly  useful 
for  excication  of  the  natural  modes  of  light  structures  and  those  having  thin 
skins  such  as  encountered  on  dynamic  models  of  space  vehicles. 


INTRODUCTION 


The  accurate  experimental  determination  of  the  free -free  lateral  vibra¬ 
tion  modes  of  launch  vehicles  is  conplicated  by  the  fact  that  during  vibra¬ 
tion  testing,  the  vehicle  must  be  restrained  against  gravity.  A  massless 
restraint  added  to  the  vehicle  anywhere  other  than  at  a  nodal  point  will 
increase  the  natural  frequencies.  This  increase  in  the  natural  frequencies 
is  dependent  on  both  the  location  and  the  magnitude  of  the  restraint. 

Obviously,  the  ideal  location  for  the  restraint  is  at  the  nodal  points. 
From  a  practical  standpoint,  this  is  often  not  feasible;  particularly  when 
the  vehicle  is  liquid  fueled  and  must  be  orientated  vertically.  In  this  case, 
the  only  p  irt  of  the  structure  capable  of  supporting  the  mass  of  the  vehicle 
is  usually  at  the  base  where  the  engine  thrust  is  transmitted  to  the 
structure . 

One  of  the  primary  worries  of  the  dynamics  engineer  is  just  how  much  his 
suspension  system  is  affecting  the  natural  frequencies.  In  many  cases  he 
worries  needlessly  and  in  others,  he  worries  too  little.  One  of  the  objec¬ 
tives  of  this  paper  is  to  give  the  dynamics  engineer  some  guidelines  a6  to 
the  importance  of  restraints  imposed  by  various  support  techniques. 

Also  of  concern  to  the  dynamicist  during  the  testing  and  experimental 
investigations  is  whether  the  means  of  applying  the  desired  force  to  the 
structure  alters  or  significantly  influences  the  mass  and  stiffness  properties 
of  the  structure.  That  is,  does  the  exciting  and  measuring  apparatus  change 
and  distort  the  quantities  he  seeks  to  measure. 
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In  the  cases  where  large ,  massive,  or  relatively  rigid  structures  such 
as  full-scale  boosters  or  space  vehicles  are  being  tested,  the  added  mass  is 
quite  often  only  a  few  percent  of  the  local  structure  mass  and  its  effects 
can  be  neglected.  Of  the  many  types  of  large  vibration  machines  utilized  for 
such  tests  the  most  commonly  used  are  the  electrodynamic  and  hydraulic.  Since 
the  effects  of  these  exciters  on  larger  structures  are  generally  small  or  can 
be  minimized  through  the  use  of  flexible  couplings  and  by  placement  of  tbe 
attachment  point  near  nodal  locations,  only  brief  and  limited  comments  on 
these  machines  will  be  included. 

On  the  other  hand,  as  the  size  of  the  structure  decreases  the  problem 
and  headache  of  distortion  and  influence  on  the  structure  of  the  exciter 
becomes,  in  many  instances,  so  large  that  the  data  in  these  cases  are  ques¬ 
tionable  or  cannot  be  obtained.  This  emphasizes  the  necessity  for  using 
equipment  of  a  scale  appropriate  to  the  structure  to  be  tested.  This  is  par¬ 
ticularly  true  for  tests  on  flexible  panels,  light,  thin-walled  conical  or 
cylindrical  structures,  or  small  dynamic  models  of  space  vehicles.  Somewhat 
more  detailed  discussions  of  excitation  equipment  useful  in  these  areas  will 
be  indicated  with  particular  attention  given  to  the  description,  use,  and 
principle  of  operation  of  an  air- jet  shaker. 


SUSPENSION  SYSTEMS 


General 

In  general,  the  most  convenient  type  of  spring  for  the  restraint  of  a 
launch  vehicle  during  lateral  vibration  nesting  is  the  gravity  spring.  In 
this  type  of  suspension,  the  test  vehicle  is  supported  by  a  cable  or  cables 
attached  to  a  rigid  overhead  framework.  The  direction  of  vibration  excita¬ 
tion  is  normal  to  the  plane  of  the  cables. 

For  a  replica  model  of  a  vehicle  and  its  cable  suspension,  dynamic  simi¬ 
larity  is  obtained  if  the  ratio  of  the  pendulum  to  structural  frequencies 
remains  const;  nt.  Thus, 


fef « i!±  jl.  .  o 

W  ft. 

where  is  the  pendulum  frequency;  u),  a  structural  frequency;  g,  the  accel¬ 

eration;  and  L,  a  character! rtic  length.  Since  the  characteristic  frequency 
of  a  model  which  possesses  replica  propox*tions  is  inversely  proportional  to 
its  size,  it  follows  that  g  1  «  c.  Hence,  for  a  l/‘^-scale  vehicle  and  cuble 
suspension,  dynamic  similarity  is  achieved  only  by  testing  in  a  5g  gravity 
field. 

Since  the  objective  of  scale  model  vibration  tests  is  not  usually  to 
duplicate  the  results  of  full-scale  shake  teats,  but  rather  to  determine,  as 
accurately  as  possible,  the  free-free  vibration  frequencies,  the  logical 
approach  is  to  conduct  the  tests  in  a  1 g  gravity  field  utilizing  a  suspension 
system  which  has  a  minimum  effect  on  the  natural  frequencies . 
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In  order  to  give  some  insight  into  the  magnitude  of  the  effects  of  vari¬ 
ous  suspension  systems  on  the  free-free  frequencies,  the  resonant  frequencies 
of  uniform  beams  restrained  as  indicated  in  figure  1  were  determined  experi¬ 
mentally  and/or  calculated  and  compared  with  the  free-free  frequencies.  The 

effects  of  the  parameter  g/4>ff^L  were  also  determined  by  utilizing  uniform 

beams  of  varying  length  or  stiffness.  o>ff  is  the  first  free-free  frequency 
in  radians  per  second  and  L  the  length  of  the  beam. 

The  physical  significance  of  the  value  of  g^0ff2L  is  not  readily  appar¬ 
ent.  For  replica  models,  g^oif^L  is  proportional  to  the  size  of  the  vehi¬ 
cle.  For  a  given  size  vehicle,  the  parameter  is  proportional  to  its  mass  and 
inversely  proportional  to  its  stiffness.  With  cognizance  of  the  fact  that 
the  stiffness  and  mass  distributions  of  launch  vehicles  are  seldom  uniform, 

the  approximate  values  of  g/^ff^L  for  some  launch  vehicles  are:  Vanguard, 

0.0008}  Redstone,  0.0011}  Saturn  SA-1,  0.0011}  Titan,  0.0017}  and  Saturn  5, 
0.0020.  A  proposed  version  of  Nova  would  have  a  relatively  large  value  for 

g  of  0.004-5.  The  uniform  beams  utilized  in  the  experiments  covered 

the  range  of  g/o>ff2L  up  to  approximately  0.010  which  represents  an  extremely 
flexible  beam. 


Perhaps  a  better  feel  for  the  significance  of  s/uff^L  is  afforded  by 
the  fact  that  for  a  horizontally  supported  beam,  the  static  deflection  rela¬ 
tive  to  its  length  is  proportional  to  g/sff'L.  For  a  horizontal  cantilever, 
the  static  deflection  at  the  tip  divided  by  the  length  of  the  beam  is  equal 
to  62.8  Thus,  the  static  deflection  curves  for  horizontal  canti¬ 

levers  would  appeal-  as  depicted  below. 


0  0.002  0.004 

6 

Two -Cable  Horizontal  Suspension 

If  the  structure  of  the  vehicle  is  rugged  enough  to  withstand  the  bending 
moments,  the  suspension  system  depicted  in  figure  1(a)  .in  probaoly  the  most 
desirable  due  to  its  simplicity.  If  the  support  cables  are  located  at  nodal 
points,  tncir  ef-i'©'  t  an  the  fmj-frae  frequencies  arc  negligible. 


0.006  0.006  0.010 


It  is  not  always  feasible  to  support  a  vehicle  at  the  nodal  points.  The 
increase  in  the  resonant  frequency  then  depends  on  the  location  of  the  support 

points,  the  length  of  the  cables,  and  the  value  of  the  parameter  gy(uf^L. 

In  figure  2,  the  increase  in  the  first  natural  free -free  frequency, 
indicated  by  the  ratio  <ajt li^^,  is  plotted  as  a  function  of  the  ratio  of  the 

distance  to  the  support  points  from  the  ends  of  the  beam  to  the  beam  length, 
S/L,  for  cable  lengths  of  l/8,  1/4,  and  l/2  the  length  of  the  beam  and  for 

beams  having  values  of  of  0.00202  ,  0.00402,  and  0.00605 •  The  free- 

free  reference  frequency  (Off  used  in  this  figure,  as  .:ell  as  in  all  other 

experimental  figures  pertaining  to  uniform  beams,  is  the  experimental  fre¬ 
quency  for  a  value  of  S/L  of  0.224. 

For  the  range  of  parameters  investigated,  the  data  of  figure  2  show  that 
the  increase  in  frequency  due  to  the  suspension  is  approximately  proportional 

to  gjx^f^L  and  inversely  proportional  to  the  cable  length  l/L. 


For  the  most  flexible  beam  ( — =  0.00605|  supported  on  short  cables 

\®Tf L  ) 

(l/L  =  l/8),  the  location  of  the  cable  attachment  points  can  be  as  much  as 
8  percent  of  the  length  of  the  beam  from  the  nodal  points  without  exceeding 
an  error  of  1  percent  in  the  measurement  of  the  free-free  first  natural  fre¬ 


quency.  For  a  more  practical  value  of  — - —  =  0.002,  the  short  cables  may 

oiff^L 


be  located  anywhere  within  14  percent  of  the  length  of  the  beam  from  the  nodal 
points  without  exceeding  a  1-percent  error. 


It  is  therefore  apparent  that  for  cable  lengths  greater  than  l/8  the  beam 
length  and  for  practical  values  of  — 5 —  <  0.002,  there  is  no  need  to  go  to 

tuff2IJ 

great  pains  to  support  the  beam  precisely  at  the  nodal  points.  Although  not 
shown  here,  the  cable  attachment  location  has  even  less  effect  on  the  higher 
free-free  modes. 


Multi cable  Horizontal  Suspension 

In  eases  where  it  is  not  feasible  to  support  a  vehicle  horizontally  at 
two  points  due  to  excessive  static  bending  moments  or  localized  stresses,  it 
may  be  practical  to  support  it  on  many  cables  distributed  along  the  length  of 
the  beam  as  indicated  in  figure  1(b).  If  an  i.„mite  number  of  cables  arc 
assumed,  an  elastic  lateral  foundation  results,  the  modulus  of  which  is  K. 
The  frequency  equation  is 


where 


» 5  +  %f2 


m  =  total  mass  of  beam 
K  =  mg  /l 

l  =  length  of  cables 

Substituting  the  value  of  K  into  the  frequency  equation  and  rearranging 


«ff 


+  1 


In  figure  3  the  increase  in  frequency  as  Jin due  to  the  cable  restraint 

is  plotted  as  a  function  of  gja^^L  for  cable  lengths  of  l/h  =  l/l6,  1/8, 
1/4,  and  1/2. 


As  with  the  two-cable  suspension,  the  data  show  that  the  effect  on  the 
first  free-free  frequency  is  approximately  proportional  to  g/ooj>f2L  and 
inversely  proportional  to  the  cable  length. 

For  cable  lengths  greater  than  l/8  of  the  beam  length  and  for  the  common 

g 

range  of  - <  0.002,  the  error  is  less  than  1  percent.  For  corresponding 

g 

cable  lengths  and  values  of  - ,  the  error  is  approximately  one-quarter  of 

the  error  obtained  when  the  beam  is  supported  by  a  cable  at  each  end. 


In  oruer  that  the  tension  ir  the  many  cables  be  properly  distributed,  it 
is  usually  .advisable  to  use  elastic  shock  cords  in  place  of  relatively  inelas¬ 
tic  cables.  One  experimental  data  point  for  which  elastic  shock  cords  were 
utilized  is  shown  in  figure  3  and  it  agrees  very  well  with  the  theoretical 
remit. 


One -Cable  Vertical  Suspension 


Other  than 
figure  1(c)  ms 
vehicles,  it  is 


its  simplicity,  the  one-cable  vertical  suspension  depicted  in 
little  to  offer.  As  is  the  case  with  liquid-fueled  launch 
frequently  necessary  to  orientate  a  test  vehicle  vertically 


during  vibration  tests.  It  is  a  rare  vehicle,  however,  that  can  withstand  the 
rigors  of  being  hung  by  its  nose. 

Despite  their  lack  of  general  usefulness,  the  effects  of  the  one-cable 
suspension  on  the  free-free  vibration  frequencies  are  interesting;  especially 
when  compared  to  the  results  utilizing  the  two-cable  vertical  suspension 

illustrated  in  figure  1(e). 

In  figure  4(a)  the  increase  in  the  first  free-free  frequency  cs/toff  is 
plotted  as  a  function  of  cable  length  L/z  for  four  beams  for  which  the 

values  of  g^UffTj  are  0.00291,  0.00631,  0.0114,  and  0.0255* 

It  should  be  noted  that  increasing  cable  lengths  are  denoted  by 
decreasing  values  of  L/Z  so  that  L/Z  =  0  represents  an  infinitely  long 
cable  or  zero  lateral  restraint. 

The  most  interesting  feature  of  this  plot  is  that  when  the  curves  are 
extrapolated  to  a  value  of  L/z  =  0,  there  is  still  a  substantial  increase  in 
the  natural  frequency  over  the  free-free  frequency.  This  increase  in  fre¬ 
quency  can  be  attributed  to  the  tension  in  the  beam. 

In  figure  4(b),  the  curves  of  figure  4(a)  have  been  cross-plotted  to  show 

/  2 

the  increase  in  the  natural  frequency  as  a  function  of  gh^ff  L  for  relative 
cable  lengths  Z/L  of  l/8,  l/4,  l/2,  1,  and  ». 

It  can  be  seen  that  for  cable  lengths  greater  than  one -quarter  the  length 
of  the  beam,  the  tension  in  the  beam  has  a  greater  effect  on  the  natural  fre¬ 
quency  than  does  the  cable  restraint. 


Vertical  Orientation  With  Restraint  at  Base 

An  often  used  type  of  restraint  for  shake  tests  of  liquid-fueled  launch 
vehicles  is  illustrated  in  figure  1(d).  In  this  system,  all  of  the  pitch  and 
lateral  restraint  is  concentrated  at  the  base  of  the  vehicle.  Any  of  sev¬ 
eral  types  of  restraining  springs  may  be  used,  such  as  a  series  of  coil 
springs  spaced  around  the  periphery  at  the  base,  pneumatic  bags,  or  a  combina¬ 
tion  of  vertical  cables  to  provide  lateral  restraint  and  torsion  springs  to 
provide  pitch  restraint. 

No  matter  what  type  of  restraint  is  used,  a  minimum  spring  constant  of 
ingLcg,  must  be  provided  in  the  pitch  direction  to  restrain  a  vehicle  from 

toppling.  Leg  as  used  here  is  the  distance  from  the  base  of  the  vehicle  up 

to  its  center  of  gravity. 

If  a  variation  in  is  assumed  to  represent  a  change  in  the  grav¬ 

itational  field  g,  acting  on  a  given  vehicle,  it  is  seen  that  the  minimum 
pitch  spring  restraint  required  at  the  base  mgLCg  is  proportional  to 
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g/tDff^L.  It  is  thus  apparent  that  as  the  gravitational  attraction  on  a  given 
vehicle  is  increased,  the  minimum  spring  restraint  must  also  be  increased 
resulting  in  a  larger  effect  on  the  natural  frequencies.  Similarly,  for 
replica  models  tested  in  a  constant  gravitational  field,  the  greater  the  size 
of  the  vehicle,  the  greater  will  be  the  effect  of  the  minimum  spring  restraint 
on  the  natural  frequencies. 

The  effect  that  this  minimum  pitch  restraint  has  on  the  first  free-free 
frequency  has  been  computed  and  is  presented  in  figure  5*  In  this  analysis 
the  lateral  restraint  was  assumed  to  be  zero.  Although  it  is  realized  that 
these  restraints  are  impractical  from  an  experimental  standpoint,  the  results 
indicate  the  absolute  minimum  increase  in  the  natural  frequencies  that  can  be 
obtained  with  this  type  of  restraint. 

Figure  5  shows  that  for  a  uniform  beam  having  a  value  of  g^nff2L  cor¬ 
responding  to  that  of  Titan  (0.002),  the  minimum  pitch  restraint  mgLCg 
^denoted  by  op ja^f  =  Oj  increases  the  first  natural  frequency  by  4  percent; 

a  relatively  large  increase  when  compared  to  the  results  obtained  utilizing 
horizontal  suspensions  with  reasonable  cable  lengths. 


When  the  pitch  restraint  at  the  base  is  increased  to  provide  a  finite 
rigid-body  pitch  frequency  j ,  the  effect  on  the  first  flexural  frequency 

can  become  quite  pronounced.  Although  a  ratio  of  rigid-body  frequency  to 
first  free-free  frequency  of  1/5  may  intuitively  seem  like  a  soft  suspension. 


it  is  noted  that  for  a  value  of 


amounts  to  12  percent. 


0.002  the  increase  in  frequency 


Two-Cable  Vertical  Suspension 

A  method  of  supporting  a  launch  vehicle  in  a  vertical  position  with  a 
minimum  of  rigid-body  restraint  but  yet  safe  from  the  standpoint  of  toppling 
has  been  conceived  by  the  senior  author  and  is  depicted  in  figure  6.  The 
weight  of  the  vehicle  is  carried  by  two  support  cables  attached  to  the  bottom 
of  the  vehicle.  Stability  is  provided  by  two  restraint  cables  tied  between 
the  support  cables  and  the  periphery  of  the  vehicle  at  sane  point  C]  above 

the  vehicle's  center  of  gravity.  This  support  system  has  essentially  two 
degrees  of  freedom  in  the  plane  normal  to  the  cables;  translation  as  a  pendu¬ 
lum  and  pitching. 

In  terms  of  the  dimensions  of  figure  6,  the  total  pitching  moment  acting 
on  the  vehicle  (including  the  moments  due  to  gravity)  can  be  shown  to  be 


Taking  the  derivative  of  the  moment  expression  with  respect  to  0  gives 
the  effective  spring  constant  of  the  system  in  pitch. 


Solving  the  spring  constant  equation  for  a  when  K  and  0  are  set  equal 
to  zero  results  in  an  expression  defining  the  cable  separation  necessary  to 
maintain  the  vehicle  in  a  vertical  altitude  with  zero  pitch  frequency. 


a 


+  b  =  ao 


when  a  <  a^,  the  vehicle  will  topple  a  few  degrees  to  a  stable  position  and 
when  a  >  a^  it  will  possess  a  frequency  in  pitch  X). 

Experimental  verification  of  the  critical  cable  separation  distance  is 
shown  in  figure  7*  For  a  given  location  of  the  restraining  cables  e  the 
support  cables  were  progressively  separated  until  the  vehicle  would  just  stand 
erect.  Correlation  of  the  experimental  results  with  theory  shows  excellent 
agreement. 


In  figure  8(a),  the  pitch  moments  imposed  by  the  harness  relative  to  the 

^harness 


unstable  gravity  moments 


have  been  plotted  as  a  function  of  the 


mgLcgG 

angle  of  tilt  for  three  values  of  the  relative  cable  separation  &/sq  for 

each  of  two  restraining  cable  locations.  The  center  curves  in  each  case  is 
for  a/aQ  =  1  which  results  in  a  zero  pitch  frequency  when  8=0.  When 
<  1  the  vehicle  will  tilt  over  until  the  restraining  moment  imposed  by 
the  harness  exceeds  the  moment  due  to  gravity. 

The  effective  spring  constant  of  the  harness  in  pitch  relative  to  the 


gravity  spring 


K, 


harness 


has  been  plotted  in  figure  8(b)  as  a  function  of  the 


“^cg 

angle  of  tilt.  As  may  be  observed,  the  effective  spring  is  decidedly 
nonlinear. 

In  practice,  this  harness  is  extremely  simple  to  use.  It  is  not  neces¬ 
sary,  as  it  is  with  many  types  of  suspension  systems,  to  alter  the  stiffness 
of  the  restraint  whenever  the  fuel  load  is  varied  over  a  wide  range.  The  only 
adjustment  that  need  be  made  is  the  support  cable  separation  as  the  center  of 
gravity  changes. 
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For  large  liquid-fuexed  vehicles  it  may  he  necessary  to  distribute  the 
concentrated  loads  imposed  on  the  structure  at  the  cable  attachment  points  by 
means  of  a  lightweight  truss.  Radial  loads  applied  to  the  structure  due  to 
the  tension  in  the  restraining  cables  may  be  alleviated  by  replacing  the 
restraining  cables  with  two  parallel  cables  as  illustrated  in  the  sketch. 


Test  vehicle  — 


-Restraining  cables 


—  Lightweight  beam 


- —  Support  cables 


The  fact  that  the  rigid-body  pitch  frequency  can  be  readily  adjusted  to 
zero  does  not  imply  that  the  harness  has  no  effect  on  the  free-free  frequen¬ 
cies.  There  is  a  small  amount  of  lateral  restraint  at  the  cable  attachment 
points.  In  order  to  establish  the  effects  of  these  restraints,  vibration 
tests  were  made  of  three  uniform  beams  suspended  in  the  harness  depicted  in 
figure  9*  The  effect  of  the  harness  on  the  free-free  frequencies  will  vary 
with  the  lengths  of  the  support  and  restraining  cables  used  but  the  trends 
and  the  magnitude  of  the  effects  caused  by  a  particular  harness  are  of 
interest. 


The  effects  of  the  location  of  the  restraining  cables  are  indicated  in 
figure  9(a)  in  which  the  first  natural  frequency,  relative  to  the  minimum 
faired  frequency,  is  plotted  as  a  function  of  restraining  cable  location  l/L. 
As  expected,  the  location  of  the  restraining  cables  does  have  an  effect  on  the 
natural  frequency,  but  the  magnitude  of  the  effect  is  exceedingly  small.  For 

f? 

the  beam  with  a  value  of  — E__  =  0.002,  the  maximum  change  in  frequency 

Off  L 

attributable  to  a  variation  of  the  restraining  cable  location  is  0.3  percent; 
a  negligible  effect. 

In  figure  9(h),  the  data  to  figure  9(a)  have  been  plotted  relative  to 
the  first  free-free  frequency.  Rather  than  increasing  the  natural  frequency, 
as  a  massless  restraint  must,  the  figure  shows  that  natural  frequencies  of  a 
uniform  beam  suspended  in  this  harness  are  appreciably  less  than  the  free- 
free  frequencies.  Just  as  tension  in  a  beam  increases  its  flexural  frequen¬ 
cies  (fig.  4),  compression  decreases  the  natural  frequencies.  Although  this 

effect  is  small  for  present-day  launch  vehicles  ^perhaps  2  percent  at 

— «  Q.002\,  the  important  point  is  that  the  effects  due  to  the  harness 
cUff2L  J 

restraint  are  far  less,  even  when  the  restraining  cables  are  located  at  the 
tip  of  the  vehicle. 
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As  mentioned  previously,  most  launch  vehicles  are  not  uniform  beams. 

They  are,  in  general,  stiffer  and  more  massive  at  their  base  resulting  in 
relatively  large  vibration  amplitudes  at  the  tip.  Intuitively,  it  would  seem 
that,  compared  to  a  uniform  beam,  the  frequencies  of  such  a  vehicle  would  be 
affected  less  by  compression  due  to  gravity  and  relatively  more  due  to  a 
restraint  near  the  tip.  In  view  of  such  a  possibility,  the  natural  frequen¬ 
cies  of  two  nonuniform  beams  mounted  in  a  harness  were  obtained  and  are  com¬ 
pared  to  their  free-free  frequencies  in  figure  10.  The  upper  and  lower  half 
of  each  beam  was  uniform,  with  the  upper  half  having  one-half  the  mass  and 

one-eighth  the  stiffness  of  the  lower  half.  Values  of  g for  the  two 

beams  were  0.002  and  0.006.  Although  it  is  not  possible  to  separate  experi¬ 
mentally  the  effects  due  to  restraint  and  compression,  when  the  results  are 
compared  to  the  uniform  beam  results  of  figure  9(b),  it  can  be  said  that  the 
compression  effects  are  less  and/or  the  restraint  effects  are  greater  for  the 
stepped  beam.  The  compression  effects  still  outweigh  the  restraint  effects 
since  the  natural  frequencies  in  the  harness  are  lower  than  the  free-free 
frequencies. 

The  variation  in  the  natural  frequencies  associated  with  a  change  in 
location  of  the  restraining  cables  can  be  seen  to  be  somewhat  greater  for  the 
stepped  beam  than  for  the  uniform  beam. 

It  is  not  to  be  implied  from  these  results  that  the  compression  effects 
will  in  all  cases  outweigh  the  restraining  effects  of  the  harness. 

Although  there  is  no  good  reason  to  use  a  support  cable  separation 
greater  than  the  optimum  sq,  the  results  shown  in  figure  11  indicate  that 
the  cable  separation  is  not  critical  even  for  an  extremely  flexible  uniform 
beam.  In  this  figure,  the  natural  frequency  is  plotted  as  a  function  of  the 
cable  separation  relative  to  the  optimum  cable  separation  a^.  o^ef  is  the 

natural  frequency  obtained  with  the  restraining  cables  at  the  nodal  point  and 
the  support  cables  separated  the  optimum  distance.  The  results  indicate  that 
when  the  restraining  cables  are  located  at  the  tip,  the  effect  of  increasing 
the  cable  separation  by  50  percent  is  about  the  same  order  of  magnitude  as  is 
obtained  by  moving  the  restraining  cables  from  the  nodal  point  to  the  tip. 

In  figure  12  the  effects  of  the  harness  type  of  suspension  on  the  first 
two  free-free  frequencies  are  compared  with  results  obtained  when  the  beams 
were  suspended  on  one  cable  attached  at  the  tip  as  in  figure  l(c).  The 
interesting  aspect  of  this  figure  is  the  near  symmetry  of  the  data  about  the 
abscissa.  Assuming  that  tension  and  compression  of  uniform  beams  have  equal 
but  opposite  effects  on  the  natural  frequencies  for  the  range  of  parameters 
investigated,  the  near  symmetry  of  the  data  indicates  a  comparatively  small 
effect  of  the  restraint  of  either  suspension  system.  It  is  apparent  that 
both  suspension  systems  affect  the  first  free -free  frequencies  to  a  much 
greater  extent  than  the  second  free-free  frequencies.  It  may  also  be  observed 
that  for  the  harness  suspension,  moving  the  restraining  cables  from  the  second 
mode  nodal  point  to  the  tip  of  the  beam  has  an  extremely  small  effect. 

With  respect  to  the  relatively  large  increase  in  frequencies  predicted 
when  all  of  the  pitch  restraint  was  applied  at  the  base  of  the  vehicle 
(fig.  5)>  it  should  be  noted  that  these  results  would  have  been  alleviated 
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somewhat  had  compression  effects  been  included  in  the  analysis.  It  is 
believed,  however,  that  in  this  case  the  compression  effects  are  relatively 
small  compared  to  the  effects  attributable  to  the  restraint. 


VIBRATION  EXCITERS 


Electrodynamic  Vibration  Machines 

As  the  name  implies,  the  electrodynamic  vibration  machine  derives  its 
name  from  the  method  of  force  generation.  The  force  is  produced  electrody¬ 
namically  from  the  interaction  between  a  current  flow  in  a  driver  coil  and 
the  intense  magnetic  field  which  cuts  the  coil. 

In  utilizing  these  exciters  for  exploratory  vibration  studies,  the  elec¬ 
trodynamic  shaker  has  the  advantages  of  relatively  wide  frequency  ranges,  and 
availability  of  random  and  sinusoidal  vibrations  or  a  combination  of  both. 

In  multiple  shaker  applications,  in-phase  and  out -of -phase  control  between 
the  various  machines  can  be  accomplished.  Although  these  shakers  are  versa¬ 
tile  and  widely  used,  they  have  the  disadvantage  in  that  it  is  difficult  to 
provide  adequate  power  and  displacement  at  the  low  frequencies  commonly 
encountered  in  large-scale  vehicle  studies.  In  their  use  on  smaller  scale 
structures,  care  must  be  exercised  to  minimize  the  effects  of  the  attachment 
between  the  test  vehicle  and  the  shaker  coil  in  order  to  avoid  significant 
influences  on  the  structural  responses. 


Hydraulic  Vibration  Machines 

The  hydraulic  vibration  machine  transforms  power  in  the  form  of  a  high- 
pressure  flow  of  fluid  from  a  pump  to  a  reciprocating  motion  of  the  table  of 
the  vibration  machine.  High-pressure  fluid  delivered  to  one  side  of  the  pis¬ 
ton  in  the  actuator  and  then  to  the  other  side,  forces  the  actuator  to  execute 
a  reciprocating  motion. 

Some  of  the  disadvantages  found  in  the  electrodynamic  shaker  have  been 
overcome  in  the  hydraulic  shaker.  For  example,  the  hydraulic  shaker  is  cap¬ 
able  of  generating  large  forces  and  large  displacements  or  strokes  at  frequen¬ 
cies  as  low  as  desired.  Relative  to  the  forces  attainable,  the  hydraulic 
machine  is  small  and  lightweight  which  can  be  advantageous  in  certain  applica¬ 
tions.  However,  this  fact  also  requires  a  rigid  connection  to  firm  ground  or 
a  large  massive  base  to  anchor  the  machine  in  place  which  can  be  inconvenient 
and  difficult  in  many  cases.  Among  some  of  the  other  disadvantages  are:  sec¬ 
ondary  resonances,  seepage,  leakage,  nonlinear! ties,  necessity  of  clean 
hydraulic  fluid,  and  poor  high-frequency  performance. 


Electromagnetic  Vibration  Machines 

In  many  applications  who  re  the  limiting  conditions  of  the  other  types  of 
vibration  testing  machines  cannot  be  circumvented,  electromagnetic  exciters 
have  been  successfully  utilized.  The  electromagnetic  vibration  machine  gen¬ 
erates  a  vibratory  force  which  is  transmitted  to  the  table,  giving  it  motion* 


the  force  is  derived  from  magnetic  attraction  or  repulsion  due  to  intensity 
or  direction  changes  of  a  magnetic  flux  linking  several  flux-carrying  members. 

The  simplest  form  of  an  electromagnetic  vibration  exciter,  called  an 
unbalanced-force  type,  consists  of  an  electromagnetic  core  with  a  single 
winding  and  an  armature.  Both  the  core  and  armature  are  laminated  from 
magnetic-core  material.  This  simple  device,  which  is  generally  user -built, 
has  several  desirable  and  useful  features.  It  has  been  useful  in  driving 
structures  for  resonant  mode  testing  where  the  structure  supplies  the  position 
force  and  where  the  distortion  of  the  generated  force  is  of  little  consequence. 
In  these  cases,  the  armature  can  be  bolted  or  cemented  to  the  test  structure 
at  any  appropriate  location.  In  the  tests  for  which  no  addition  of  mass  to 
the  structure  can  be  tolerated,  the  device  can  be  used  without  the  armature. 

In  these  instances,  if  the  structure  is  magnetic,  it  acts  as  the  armature  and 
supplies  the  magnetic  circuit.  For  materials  that  are  conducting  but  nonmag¬ 
netic,  eddy  currents  are  generated  which  produce  electrodynamic  forces.  This 
shaker  is  particularly  adaptable  to  the  synchronized  use  of  several  units  for 
resonant  testing  of  light  dynamic  wind-tunnel  models  and  the  like.  Its  usable 
frequency  range  can  easily  extend  from  a  few  cycles  per  second  to  several  hun¬ 
dred  cycles  per  second.  Among  the  undesirable  features  of  this  exciter  are 
the  presence  of  a  large  constant  attractive  force  in  addition  to  the  vibratory 
force,  and  the  nonlinearity  of  the  resulting  force  of  the  device. 


Air-Jet  Vibration  Exciters 

Although  our  Vibration  and  Dynamics  Laboratory  at  Langley  has  a  wide 
variety  of  electrodynamic  and  hydraulic  shaking  equipment,  one  of  the  most 
popular  vibration  exciters,  where  low  force  outputs  are  sufficient,  is  the 
air-jet  shaker.  As  the  name  iaplies,  an  air-jet  shaker  derives  its  driving 
force  from  the  kinetic  energy  of  a  stream  of  high-velocity  air,  periodically 
impinging  upon  the  test  specimen.  Proper  modulation  of  the  airflow  results 
in  a  sinusoidal  force  output. 

The  chief  assets  of  the  air-jet  shaker  are  that  no  mass  is  added  to  the 
test  specimen  and  it  is  extremely  simple  to  use  since  no  mechanical  connec¬ 
tions  to  the  test  specimen  are  required.  Its  major  liability  in  the  past  has 
been  the  rapid  decrease  of  force  output  with  increasing  frequency.  Th'  i  loss 
of  available  force  at  high  frequencies  has  been  due  to  the  internal  valving 
used  to  modulate  the  airflow.  Most  of  the  potential  energy  was  being  wasted 
in  accelerating  and  decelerating  the  air  column  during  each  cycle. 

This  problem  ear.  be  overcome  simply  by  external  interruption  of  the  air 
Jet  as  depicted  in  figure  13.  The  stream  of  High-velocity  air  which  impinges 
upon  the  test  specimen,  exits  from  the  nozzle  at  a  constant  velocity  and  pres¬ 
sure.  The  airstrea a  is  then  deflected  periodically  by  a  motor-driven  notched 
disk.  A  nearly  sinusoidal  force  may  be  obtained  by  use  of  a  diamond-shaped 
nozzle,  the  .length  of  whicn  is  equal  to  the  length  of  the  notch  in  the  inter¬ 
rupter  disk. 

All  of  the  air- jet  shakers  built  in  our  shop  have  a  single  nozzle  which 
results  in  an  unbalanced  force.  This  unbalance  is  of  little  consequence  for 
most  vibration  tests  but  for  some  highly  damped  and  flexible  test  specimens 
or  nonlinear  systems  it  is  desirable  to  have  a  balanced  force  input.  In  such 
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cases,  the  air  jet  nay  be  counterbalanced  by  directing  a  steady  stream  of  air 
onto  the  opposite  side  of  the  test  specimen.  If  the  second,  nozzle  has  an  area 
equal  to  one-half  the  area  of  the  shaker  nozzle  and  is  fed  from  the  same  pres¬ 
sure  line,  the  net  force  on  the  specimen  will  be  closely  balanced. 

The  magnitude  of  the  oscillating  force  can  be  controlled  by  a  pressure 
or  flow  regulating  valve  in  the  air  supply  line.  The  maximum  peak-to-peak 
force  output  when  the  jet  is  directed  at  a  large  flat  plate  is  approximately 
1.3  AP,  where  A  is  the  area  of  the  nozzle  and  P  the  line  pressure.  The  area 
of  the  nozzles  on  present  Langley  shakers  is  0.015  sq  in.  (0.1-in.  x  0.5-in. 
diamond)  which  results  in  a  maximum  peak-to-peak  force  of  pounds  when  con¬ 
nected  to  a  100-psi  air-supply  line.  Although  this  may  seem  to  be  a  rather 
small  force  as  vibration  exciters  go,  it  has  been  found  to  be  more  than  ample 
to  excite  the  natural  modes  of  panels,  thin-wall  cylinders,  and  numerous  wind- 
tunnel  models.  Since  the  added  mass  effects  of  the  air  jet  are  negligible, 
the  driving  force  may  be  applied  at  the  point  of  maximum  vibratory  amplitude 
thus  transmitting  a  maximum  amount  of  energy  tc  the  test  vehicle.  The  force 
of  a  gLven  shaker  can  be  doubled  by  directing  the  air  jet  into  a  lightweight 
pelton  bucket  attached  to  the  test  specimen  in  order  to  effect  a  l8o°  change 
in  the  airstream  direction. 

Larger  force  outputs  may,  of  course,  be  obtained  by  the  use  of  larger 
nozzles  and  higher  pressure  lines  but  the  jet  noise  soon  becomes  intolerable 
and  may  well  distort  the  output  of  piezeoelectric-type  pickups. 

As  previously  indicated,  one  of  the  major  shortcomings  of  the  electrody¬ 
namic  and  electromagnetic  exciters  often  encountered  is  the  limited  stroke  or 
travel  which  they  impose.  The  air-jet  exciter,  in  this  respect,  however, 
permits  very  large,  unrestrained  amplitudes  of  oscillations.  This  asset  of 
the  air-jet  shaker  can  he  illustrated  with  the  aid  of  figure  14.  Shown  in 
the  figure  is  the  force  coefficient  as  a  function  of  the  plate  distance  for 
various  size  plates,  where  the  force  coefficient  is  the  ratio  of  the  force 
exerted  on  the  plate  to  the  product  of  nozzle  area  times  the  line  pressure. 

The  significant  point  to  be  made  here  is  that  for  sufficiently  large  air-jet 
impingement  areas,  there  is  no  appreciable  drop  in  the  excitation  force  even 
at  very  large  distances.  The  nozzle  used  in  these  experiments  was  a 
0.1-inch  x  0.5-inch  diamond. 

The  complexity  of  the  motor-speed  control  depends  upon  the  use  for  uhieh 
the  shaker  is  intended.  In  applications  wh  're  accurate  control  of  the  fre¬ 
quency  is  not  required,  variation  of  the  voltage  to  an  electric  motor  may  be 
satisfactory.  The  best  all-around  speed  control  that  we  have  tried  consists 
of  a  small  (l/?5  hp)  synchronous  motor  driving  the  interrupter  disk  through  a 
comnercially  available  variable -speed  friction  drive.  Since  the  torque 
required  to  drive  the  interrupter  disk  is  very  small,  there  is  essentially  no 
slippage  in  the  variable -speed  friction  drive.  The  frequency  range  of  our 
present  units  covers  the  range  from  0  to  900  cps.  A  counter,  geared  to  the 
speed  control  crank,  indicates  the  frequency  directly  in  cycles  per  second. 

In  summing  up,  it  can  be  said  that  this  type  of  air- jet  shaker  exhibits 
the  following  assets  which  make  it  a  valuable  tool  in  dynamic  model  testing: 
it  is  extremely  convenient  to  use  since  no  attachment  to  the  test  specimen  is 
required;  it  is  essentially  massless;  its  available  force  can  be  calibrated 
statically  and  is  constant  with  frequency;  the  force  transmitted  to  the 
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structure  is  independent  of  frequency  and  motion  of  the  structure,  simplifying 
control  and  giving  repeatability  even  with  nonlinear  structures;  and  its  cost 
is  relatively  low. 


The  chief  liabilities  of  the  air- jet  shaker  are  the  noise  associated  with 
large  force  outputs  and  the  difficulties  encountered  in  multiple  shaker 
applications. 


CONCLUDING  KEMAMS 


In  general,  the  resales  indicate  that  when  typical  launch  vehicles  are 
suspended  in  a  horizontal  attitude  by  cables  or  shock  cords,  the  free-free 
flexural  frequencies  are  affected  very  little  by  the  cable  restraint  when 
reasonable  length  cables  are  utilized.  For  vertically  orientated  vehicles 
where  all  of  the  restraint  is  concentrated  at  the  base,  the  effect  of  this 
restraint  on  the  first  natural  frequency  may  become  appreciable  even  when  the 
rigid-body  frequencies  are  very  low.  Vibration  results  of  vertically  orien¬ 
tated  beams  restrained  by  a  two-cable  harness  indicate  that  the  effects  of 
the  harness  restraint  on  the  natural  frequencies  are  small  in  comparison  to 
the  effects  of  compression  in  the  beam  due  to  gravity. 

An  air-jet  vibration  exciter  is  also  described  which  is  easy  to  use  and 
has  a  constant  foree  output  regardless  of  frequency.  This  shaker  5  '  partic¬ 
ularly  useful  for  vibration  testing  of  small  panels,  thin-vall  cylinders,  and 
lightweight  dynamic  models  where  the  addition  of  any  mass  may  have  a  critical 
effect  on  the  measured  frequencies. 
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Figure  4.-  Effects  of  the  one-cable  vertical  suspension  on  the  first 

free-free  frequency. 
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Figure  9.-  Frequencies  of  uniform  beams  suspended  in  harness. 
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ABSTRACT 

The  analysis  of  flutter  model  time  history  records  and  the  determination  of  flutter  onset  is 
often  a  matter  of  judgment.  A  unique  method  for  analyzing  flutter  model  time  histories  is  pre¬ 
sented.  The  method,  which  yields  repeatable  results,  utilizes  as  the  diagnostic  parameter  the 
continuous  analog  evaluation  of  the  aerodynamic  work  imparted  to  the  model  in  a  flutter  mode  per 
unit  time,  i.e.,  the  aerodynamic  power.  The  Aerodynamic  Power  Function  (APF)  is  readily  eval¬ 
uated  for  the  case  of  wing  bending-torsion  flutter  in  terms  of  the  average  running  cross-correla¬ 
tion  of  wing  bending  and  torsion  responses  sensed  by  strain  gages.  Typical  experimental  results 
are  presented  for  swept  wings  tested  in  transonic  blow-down  tunnels.  Applications  to  systems 
involving  more  degrees  of  freedom  are  presented. 


279 


Preceding  page  blank 


LIST  OF  ILLUSTRATIONS 


FIGURE  PAGE 

1.  Two  Degree  of  Freedom  Flutter  System . 283 

2.  Ideal  Transient  Behavior  of  the  APF(t) .  286 

3.  Correlator  Measurement  of  the  Ideal  Transient  Behavior  of  the  APF(t)  288 

4.  Schematic  for  Measuring  the  APF(t) .  288 

5.  Typical  Measured  Behavior  of  the  APF(t)  in  Blowdown  Wind  Tunnel 

Testing  . . 289 

6.  Schematic  for  Measuring  the  Bending-Torsion  Co-Power  Function  . .  .  290 

7.  Ideal  Transient  Behavior  of  the  Theoretical  and  Measured  Bending- 

Torsion  Co-Power  Functions . - . .  291 

8.  Typical  Measured  Behavior  of  Bending-Torsion  Co-Power  in  Blow¬ 
down  Wind  Tunnel  Testing .  291 

9.  Typical  Correlation  Measurements,  Tunnel  Test  A  -  Run  1 .  293 

10.  Typical  Correlation  Measurements,  Tunnel  Test  A  -  Run  2 .  294 

11.  Typical  Correlation  Measurements,  Tunnel  Test  B  -  Runs  1  and  2  .  . .  295 


280 


RTD-TDR-6 3-4197 ,  PART  I 


DIAGNOSIS  OF  FLUTTER  MODEL  RESPONSE 
USING  TIME  CORRELATION  TECHNIQUES 

R.J.  Werdes  and  M.A.  Ferman 

McDonnell  Aircraft  Corporation 


INTRODUCTION 

The  determination  of  the  precise  moment  of  flutter  onset  for  a  system  under  test  is  often  a 
matter  of  judgment.  This  is  particularly  true  when  one  considers  the  complex  response  behavior 
of  a  flutter  system  under  some  of  the  combined  effects  of  turbulence,  beating  of  modes,  mild 
flutter  onset,  regions  of  low  damping,  and  limited  amplitude  flutter.  This  paper  describes  a  tech 
nique  which  circumvents  the  analysis  difficulties  presented  by  the  presence  of  these  masking 
phenomena.  The  technique  employs  the  concept  that  the  flutter  significant  aerodynamic  energy 
input  to  a  system  per  unit  time  (the  Aerodynamic  Power  Function,  APF)  can  be  determined  from 
the  system  response  time  history. 


LIST  OF  SYMBOLS 


M  Wing  section  mass 

SQ  Wing  section  mass  unbalance,  positive  for  center  of  gravity  aft  of  elastic  axis 

IQ  Wing  section  mass  moment  of  inertia  about  the  elastic  axis 

Wing  plunging  frequency 
Wing  pitch  frequency 
<u  Frequency  of  oscillation 

Wing  plunging  damping  coefficient 
Ca  Wing  pitch  damping  coefficient 

q  Free  stream  dynamic  pressure 

qp  Flutter  dynamic  pressure 

qj  Generalized  coordinate,  subscript  denoting  degree  of  freedom 

Cl,  Wing  lift-curve  slope 

a 

S  Wing  section  area 

V  Free  stream  velocity 

h  Wing  plunging  (or  bending)  coordinate 
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a 

d 

kh 

ka 

E 

T 

U 

P 

Pjk/2 

t 

DP 

°PM 

°pA 

APF 

e 

ei 

a 

K 
A 


B 


<l> 

R(r) 

Sfi 


L  J 


Wing  pitch  (or  torsion)  coordinate 

Distance  from  the  wing  aerodynamic  center  to  the  elastic  axis 

2 

Wing  plunging  spring  constant,  equals 
Wing  pitch  spring  constant,  equals  I  a>\ 

Total  energy  of  a  flutter  system 
Kinetic  energy 

Generalized  potential  energy;  includes  some  aerodynamic  stiffness  effects 

qCL  S 

a 

Skew-symmetric  aerodynamic  stiffness  associated  with  qj  and  q^ 

Real  time 

Dissipative  power 

Mechanical  part  of  Dp 

Aerodynamic  part  of  Dp 

Aerodynamic  Power  Function 

Base  of  the  Natural  Logarithms 

Electrical  voltage,  subscript  defined  in  the  text 

Damping  constant,  equals  ~w(c/cc),  where  (c/cc)  is  critical  damping  ratio 
Amplitude  ratio  of  a  to  h 

Integration  constants  defined  by  initial  conditions 
Phase  lag  of  a  with  respect  to  h 

Cross-correlation  function;  bar  denotes  Correlator  measured  function 
Column  matrix 
Row  matrix 
Square  matrix 

Integration  period;  Correlator  time  constant 
Calibration  constant  of  Correlator 


AERODYNAMIC  POWER  FUNCTION 

It  is  well  known  that  flutter  is  a  self-excited  oscillation  which  occurs  when  energy  is  ex¬ 
tracted  from  the  airstream  by  an  oscillating  airfoil.  To  explain  the  use  of  time  correlation  of  re¬ 
sponse  time  history  signals  in  measuring  the  Aerodynamic  Power  Function  as  an  indicator  of 
this  energy,  it  is  necessary  to  show  the  mathematical  expressions  involved  in  the  APF  for  a 
typical  flutter  system.  For  simplicity,  use  will  be  made  of  the  most  elementary  flutter  mechanism 
as  a  basis  of  discussion.  Consider  the  equations  of  motion  for  the  airfoil  shown  in  Figure  1.  If 
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quasi-steady  aerodynamic  forces  are  assumed,  and  the  airfoil  is  considered  to  have  only  plung¬ 
ing  and  pitch  freedoms,  the  equations  of  motion  are 


Mh  +  saa  +  chh  +  khh  -  -  q  CL  S(a  +  h/V) 

(la) 

S  h  +  La  +  C  a  +  k  a  -  qCr  Sd(a  +  h/V) 

a  a  a  a 

(lb) 

a 


The  significance  of  the  total  energy  (E)  associated  with  a  flutter  system  has  been  discussed  by 
several  authors,  including  Frazer  and  Duncan  (Ref.  1),  Duncan  (Ref.  2),  Fung  (Ref.  3),  Crisp 
(Ref.  4),  Griedanus  (Ref.  5),  and  Bisplinghoff  (Ref.  6).  Crisp  (Ref.  4)  examined  the  time  rate  of 
change  of  E  to  develop  an  ultimate  stability  criterion.  It  is  the  intent  of  this  paper  to  utilize 
some  of  these  concepts  to  explain  the  use  of  time  correlation  in  assessing  flutter  stability. 

The  total  energy  (E)  of  the  system  is 

E  «  T  +  U  (2) 


where  T  is  the  kinetic  energy  of  the  system,  and  U  is  the  generalized  potential  energy  ar.d  in¬ 
cludes  some  aerodynamic  stiffness  effects. 


T.fc  Lh 

U  —  V4  |h 


.  .  TM 
h«i 

U 

ajE 


h 

P/2 


(3) 

(4) 


where  P  -  q  C^  S 


The  time  rate  of  change  of  E  determines  the  stability  characteristics  of  the  system.  When 
dE/dt  <  0,  the  system  is  stable;  when  dE/dt  -  0,  the  system  is  neutrally  stable  (or  has  reached 
a  limit  cycle  if  the  system  is  nonlinear)  and  when  dE/dt  >  0,  the  system  in  unstable.  The  time 
derivative  of  E  can  be  shown  to  have  the  following  form  for  the  system  described  by  Equation  1: 
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.  .  •  ph+ 

E  -  -  Lh  aj\ 

L-Pd 


P/V  -  Pd/2V’ 
Pd/2V  C 


~Lh  qj 


0  P/2 

.-P/2  0  . 


(5) 


The  above  equation  is  developed  when  Equation  1,  expressed  in  matrix  form,  and  the  time  deriva¬ 
tive  of  the  expression  for  (T  +  U),  as  defined  by  Equations  3  and  4,  are  appropriately  combined. 

It  is  to  be  noted  that  the  forms  of  Equations  4  and  5  depend  on  representing  an  unsymmetric  matrix 
as  the  sum  of  a  symmetric  and  a  skew-symmetric  matrix,  a  technique  employed  by  Duncan  (Refer¬ 
ence  2)  and  Crisp  (Reference  4).  The  energy  dissipated  per  cycle  is 


(6) 


and  the  dissipative  power  is 


(7) 


D 


P 


2  u 


Ch  +  P/V  -  Pd/2V' 
-  Pd/2V  CQ 


(8) 


The  dissipative  power  is  seen  to  be  composed  of  a  mechanical  part  and  on  aerodynamic  part, 


D 


P 


(9) 


where 


C  «2)dt 


(10) 


and 


2n/(i} 

*P/V  -  Pd/2V 

77 /Lh  “J 

Lt  0  / 

Jo 

-  Pd/2V  0 
»  — 

*)  * 
Lhf  ci> 

A  * 

0  P/2 

h 

fLh  aj 

to 

-P/2  0 

a 

dl 


(11) 
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The  mechanical  part  is  obviously  stabilizing  and  will  not  be  considered  further.  The  first  term 
of  the  aerodynamic  part  is  due  to  aerodynamic  damping  effects  and  is,  in  general,  of  less  impor¬ 
tance  in  influencing  flutter  stability  (excluding  single  degree  of  freedom  instability)  than  the 
second  term  which  contains  the  so-called  skew-symmetric  part  of  the  aerodynamic  stiffness. 
Attention  will  be  focused  on  this  latter  term  as  the  primary  indicator  of  flutter  stability  involv¬ 
ing  at  least  two  degrees  of  freedom.  This  term,  the  Aerodynamic  Power  Function,  is  defined 


APF 


2n/o. > 


P/2" 
P/2  0  . 


2»/ <u 


-  £■  (P/2)  /(ha  -  ha)  dt. 


(12) 


(13) 


(It  is  pointed  out  that  the  omission  of  the  terms  due  to  aerodynamic  damping  in  the  definition  of 
the  APF  does  not  exclude  the  effects  of  aerodynamic  damping  on  the  flutter  stability,  since  the 
correct  aerodynamic  forces  and  moments  are  applied  to  a  test  specimen  in  the  wind  tunnel  and 
do  have  influence  on  the  APF  as  defined  above  through  the  values  of  h,  a,  h,  and  6). 

Let  us  now  consider  the  APF  as  a  continuous  time  function, 

l  +  r/2 

APFtt) - ^  P/2  J’iiia  -  ha)dt  ( 14) 

t  -  r/2 

where  the  time  reference  has  been  shifted  by  (t  -  7/2)  and  where  7  •  2m\/u>  is  the  averaging  time, 
with  n  an  integer.  To  illustrate  the  behavior  of  the  APFU),  let  the  motion  of  the  flutter  system  be 
represented  by 

h  *  e8*  [A  cos  <yl  +■  B  sin  o»t}  ( 15a) 

a  -  Keal  [A  cos  (wt  -tf)  ♦  B  sin  (&>t  -$)).  (15b) 

Substituting  the  above  expressions  into  the  definition  of  APFU)  (Equation  14)  gives 

APFU)  -  (P/2)  (A2  ♦  B2)  e231  (ea?  -  e-°0  ( 16) 

If  n  is  not  an  integer,  some  eiTor  is  introduced  in  the  APFU).  However,  for  7  sufficiently  large, 
the  cnor  is  negligible  since  that  port  of  the  integral  due  to  inclusion  of  o  fraction  of  a  cycle  is 
averaged  over  the  number  of  full  cycles  included  in  the  integral.  For  example,  for  10  <n  <11,  the 
maximum  error  in  the  APFU)  is  approximately  ♦  5%;  for  100  <n  <  101,  the  maximum  error  is  approx¬ 
imately  etc.. 

Consider,  now,  the  trarsient  behavior  of  the  APFU)  for  various  values  of  free-slream 
dynamic  pressure.  As  shown  in  Figure  2,  for  q  less  than  qp,  a  -  0  and  |sio  tfi  is  approximately 
zero;  the  APFU)  has  a  damped  response  to  any  transient  ai slurbun/ce.  or  a  very  small  continuous 
response  to  a  continuous  disturbance.  For  q  equal  to  qp,  a  -  0  and  (sin  is  again  small; 
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h(t) 


q<qF  q  =  qF  q>qF 


FIGURE  2.  IDEAL  TRANSIENT  BEHAVIOR  OF  THE  APF(t) 


the  APF(t)  has  a  small  constant  amplitude  response  to  any  transient  disturbance,  or  a  linearly 
increasing  response  to  a  continuous  distrubance.  For  q  greater  than  qp,  a  >  0  and  sin  </»  >  0; 
the  APFTt)  has  an  exponentially  divergent  response  to  any  transient  disturbance,  or  a  slightly 
more  divergent  response  to  a  continuous  disturbance.  The  transient  behavior  of  the  APF(t)  is 
seen  to  be  a  good  indicator  of  flutter  occurrence. 

MEASUREMENT  OF  THE  AERODYNAMIC  POWER  FUNCTION 

Measurement  of  the  APF  has  been  achieved  through  use  of  the  McDonnell  Analog  Signal 
Correlator  Computer,  hereafter  referred  to  as  the  Correlator.  This  device  is  a  portable  analog 
weighing  only  a  few  pounds,  and  has  an  output  voltage  which  is  the  cross  correlation  function  of 
any  two  input  voltages.  For  the  present  application  of  the  Correlator,  its  output  signal,  eQ,  is 
related  to  the  input  signals  as  follows: 


It 

eo  “  co  J'^T  ei(t)  e^t)  dt 


where  cQ  is  u  calibration  constant,  and  e^t)  and  or®  Hi®  voltage  signals  to  be  correlated. 
Tlte  Correlator  output  is  basically  a  D.C.  signal  which  indicates  the  reul-lime  (running)  cross- 
correlation  function  of  the  input  signals.  The  definition  of  the  running  cross-correlation  function 
is  analogous  to  the  definition  of  “Running  Spectrum”  as  applied  to  finite  length  experimental 
records  by  Kharitevich  (Reference  7).  ITiis  cross-correpjtion  function  has  been  utilized  because 
of  its  similarity  to  the  APF,  Equation  14.  The  cross-correlation  function  is  usual'v  defined  as 


Vr) 


t/ 


$<t  .  r)/)(l)  dt 


for  finite  length  records.  If  r  -  0,  and  the  running  cross-coireiation  function  is  utilized,  then  a 
correlation  function  defined  as 


R 


8{J 


i 

rf 


t  +  7/2 

a<t)  j8(t)  dt 

t  —  7/2 


(19) 


is  the  function  employed  in  the  following  derivations.  If  the  following  running  cross-correlation 
functions  are  obtained  and  combined  as  shown  in  Equation  22,  we  obtain  essentially  the  APP. 

t  +  r/2 


*h a-~^(t)a(t)  dt 


Rhi' 


(20) 


t-r/2 

t+  r/2 
a(t)  dt 
t  —  r/2 


i  +  r/i 

J  jut)  a( 


(21) 


and 


i 


t  +  r/2 

(h(t)  a(t)  -  h(t)  a(t))  dt 
t-r/2 


(22) 


Consider  the  measurement  of  the  correlation  functions.  Equations  20  and  21,  in  a  flutter  test 
set-up  which  might  be  represented  by  Figure  1.  If  bending  and  torsion  strain  gage  bridges  are 
used  as  transducers,  the  bridge  output  signals  are  related  to  the  coordinates,  h  and  a  (Equations 
15a  and  15b),  as  follows: 


and 


B(t)  -  bending  bridge  signal 
-  kg  h(t) 

»  kgeal  [A  cos  <ul  +  B  sin  wt] 


T(  t)  -  torsion  bridge  signal 

■  k<j>  ot  l) 


(23) 


(24) 


•  k^,K  eul  [  A  cos  M  -  $)  ♦  B  sin  («t  -  tf)) 

The  ideal  cross-correlation  function  for  this  case  is 

Rot  -  rbt  -  kBkT  “(t)'*2  *  b2'  -*•-  ‘■2al|t'“' - 

which  is  proj)ortional  to  the  APF(l),  Equation  16.  In  actual  practice  the  Correlator  will  obtain 
the  following  function: 


(25) 


eo  '  cokBkTK 


(v* fc) 


(A2  ♦  B2)  sin  C-  <i>2dl  -  RgT  -  Rgf 


(26) 


/67 


This  expression  indicates  tha.  the  Correlator  signal  approaches  the  ideal  crosscorrelation  func¬ 
tion  asymptotically.  In  Figure  3  Correlator  measurements  of  the  ideal  transient  behavior  of  the 
APFU)  are  shown  for  three  values  of  dynamic  pressure,  q  <  qp,  q  -  qp,  and  q  >  qp.  Comparing 
Figure  3  with  Figure  2,  it  is  seen  that  the  Correlator  measurement  of  the  ideal  transient  behavior 
of  the  APFU)  is  similar  to  the  corresponding  theoretical  behavior. 
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FIGURE  3.  CORRELATOR  MEASUREMENT  OF  THE  IDEAL  TRANSIENT 

BEHAVIOR  OF  THE  APF(t) 

An  experimental  set-up  which  shows  the  means  of  obtaining  the  desired  Correlator  output 
signal  is  shown  in  Figure  4.  The  use  of  +  90°  phase  shifting  devices  are  indicated.  The  phase 
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FIGURE  4.  SCHEMATIC  FOR  MEASURING  THE  APF  (t) 
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shifted  signals,  when  correlated  with  the  original  signals,  give 

RBt  “  a  Rqt  an^  RgT  —  a  RgT* 

Combining  these  signals  as  shown  in  Figure  4  results  in 

[RgT  —  a  RgTl  -  [Rg'f  —  a  Rg»p]  -  Rg-p  -  Rg-p. 

When  applying  the  technique  described  above  to  testing  in  a  blowdown  tunnel,  the  effects  of 
aerodynamic  turbulence,  limited  amplitrde  flutter,  and  continuously  varying  tunnel  conditions 
must  be  considered.  Shown  in  Figure  5  is  a  typical  time  history  of  wing  bending  and  torsion  re¬ 
sponses  and  APF(t)  measurement.  When  turbulence  is  present,  the  flutter  system  is  acted  upon 
by  a  random  fluctuating  pressure  field.  The  resulting  generalized  random  forces  associated  with 
the  various  normal  modes  have  intrinsic  time  correlation.  The  time  response  of  the  system’s  co¬ 
ordinates  to  turbulence  will  likewise  exhibit  correlation.  However,  the  effects  of  turbulence 
excitation  in  the  subcritical  velocity  region  are  minimized  by  the  nature  of  the  APFU)  since  the 
APFXt)  is  proportional  to  the  sine  of  the  phase  angle  between  modes,  the  angle  being  near  zero 
or  it  subcritically.  When  in  the  region  of  limited  amplitude  flutter,  the  APFU)  is  likewise  limited. 
The  effect  of  varying  tunnel  conditions  has  been  found  to  produce  a  continuously  varying  APFU) 
which  is  qualitatively  valid  in  assessing  flutter  characteristics.  The  shape  of  the  APFU)  aiiown 
in  Figure  5  is  only  typical.  The  APFU)  is  strongly  influenced  by  the  phase  angle  between  the 
critical  degrees  of  freedom,  and  its  shape  may  be  somewhat  different  for  different  flutter  systems. 


FIGURE  5.  TYPICAL  MEASURED  BEHAVIOR  OF  THE  APF  (t)  IN 
BLOWDOWN  WIND  TUNNEL  TESTING 


In  the  application  of  this  technique,  post-test  analysis  has  keen  employed  to  date.  However, 
it  is  applicable  to  on-line  monitoring  during  actual  testing.  Correlation  measurement  of  the  ex¬ 
pression  RgT  ~  Rgf  is  shown  ir.  Figures  9  and  10  for  typical  blowdown  tunnel  tests.  This  ex¬ 
pression  (Equation  26),  when  adjusted  by  the  relatively  small  variation  of  P/2,  here  assumed  to 
be  constant,  becomes  the  APFU).  The  icsufcs  shown  indicate  the  merit  of  the  APFft)  in  assess¬ 
ing  flutter  model  response. 
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BENDING-TORSION  CO-POWER  FUNCTION 


Another  application  of  real-time  correlation  of  flutter  model  response  signals  for  flutter  on¬ 
set  detection  relies  on  measurement  of  the  bending-torsion  Co-Power  Function.  This  technique 
is  shown  to  p.ovide  a  reasonably  clear  picture  of  model  stability  characteristics  as  a  function  of 
dynamic  pressure,  and  has  been  employed  both  on-line  and  post  test.  In  order  to  obtain  the  bend¬ 
ing-torsion  Co-Power  Function,  the  following  running  cross-correlation  function  is  defined: 

t  ♦  7/2 

*.RBy-  -.IBlt)  T(0  dt.  (27) 

t-r/2 

This  cross-correlation  term  is  seen  to  be  a  time  varying  measure  of  the  bending-torsion  Co-Power 
Function.  When  using  th<"  forms  for  B(l)  and  TU)  indicated  in  Equations  23  and  24,  the  evalua¬ 
tion  of  the  exf.ii  'on  in  Equation  27  yields 

RBT  ~  kBkTK(A2+ B2>(^r)  e281  (ear-  e“a0  (28) 

for  the  application  herein.  Likewise,  the  Correlator  measurement  of  the  Co-Power  Function  can 
be  shown  to  be 

RBT  -  c0kRkTK (A2  ♦  B2)  ^  e~l/7 )  (29) 

T 

and  is  seen  to  approach  the  ideal  Co-Power  Function  asymptotically.  A  typical  set-up  for  meas¬ 
urement  of  the  Co-Power  Function  is  shown  schematically  in  Figure  6.  The  theoretical  and 
measured  transient  behavior  of  the  Co-Power  Function  are  shown  schematically  in  Figure  7  for 
the  ideal  case  where  transient  response  is  excited  at  three  values  of  dynamic  pressure:  q  <qj,, 
q  -  qjr .  q  >  qp.  Hie  results  presented  in  Figure  7  clearly  show  that  the  Co-Power  Function 
indicates  the  flutter  stability  characteristics  in  this  ideal  case. 


FIGURE  6.  SCHEMATIC  FOR  MEASURING  THE  BENDING  -  TORSION 

CO-POWER  FUNCTION 

Hie  behavior  of  the  measured  Co-Power  Function  as  applied  to  blowdown  testing  will  now 
be  examined.  In  this  cose,  the  effects  of  turbulence,  limited  amplitude  flutter,  and  vary  ing 
tunnel  conditions  must  be  considered.  Figure  8  presents  typical  bending  and  torsion  time  his¬ 
tories  together  with  the  Correlator  measurement  of  the  Co-Power  {'unction,  hi  the  subcritical 
ami  post-critical  regions,  the  effect  of  turbulence  creates  random  response  of  the  moiiel,  these 
response  functions  ^bending  ;uul  torsion  in  the  case  presented)  are  intrinsically  con» dative.  This 
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correlation  has  been  noted  as  Turbulence  Correlation  and  has  been  found  to  increase  approxi¬ 
mately  proportional  to  the  dynamic  pressure  in  the  subcritical  region.  The  Co-Power  Function 
reaches  a  maximum  then  decreases  as  the  limited  amplitude  flutter  region  is  traversed,  the  cor¬ 
relation  in  the  critical  region  being  noted  as  Flutter  Correlation.  The  time  varying  tunnel  <■■  idi- 
tions  affect  the  Co-Power  Function  in  the  same  manner  as  discussed  previously  for  the  APF(t). 

Typical  experimental  results  from  blowdown  tunnel  tests  are  presented  in  Figures  9  through 
11.  The  results  of  the  Co-Power  measurements  shown  indicate  that  the  Co-Power  Function  pre¬ 
sents  a  definite  indication  of  flutter  onset. 

It  should  be  noted  that  the  bending-torsion  Co-Power  Function  is  proportional  to  cos  </>  where- 
whereas  the  APF(t)  is  proportional  to  sin  ifi.  This  fact  implies  that  the  bending-torsion  Co-Power 
is  less  sensitive  than  the  APF(t)  to  flutter  response  involving  a  large  phase  angle,  <£,  and  that 
the  bending-torsion  Co-Power  Function  will  measure  more  power  associated  with  turbulence  in 
the  subcritical  regions  than  would  the  APF(t).  Hence  in  certain  cases,  it  is  anticipated  that  the 
bending-torsion  Co-Power  may  not  indicate  flutter  as  dramatically  as  the  APF(t).  The  bending- 
torsion  Co-Power  Function,  when  adjusted  by  the  functions,  P/2  and  <u,  has  the  form  of  the 
derivative  of  A?F(t)  with  respect  to 


MANY  DEGREES  OF  FREEDOM 

When  systems  having  more  than  two  degrees  of  freedom  are  considered,  the  APF(t)  associ¬ 
ated  with  each  constituent  binary  can  be  represented  in  a  manner  similar  to  Equation  14: 

t  +  r/2 

APF(t)jk  m-j  Pjk/2  j [qjqk  -  qjqk>  dt  (30) 

t  -  r/2 

where  j,  k  =  1,  2,  . . .  ,n,  and  Pjk/2  are  skew-symmetric  aerodynamic  stiffness  coupling  terms 
associated  with  the  generalized  coordinates  qj  and  qk,  again  assuming  quasi-steady  aerodynamic 
forces.  The  total  APF(t)  for  the  many-degree  of  freedom  system  can  be  written  as 

1  n 

APF(t)  = - £ 

F  M 

This  expression  is  similar  to  the  energy  expression  given  by  Crisp  (Ref.  4)  to  define  in  a  very 
general  way  “all  kinematically  admissible  flutter  configurations,”  except  for  the  omission  in 
the  expression  above  of  terms  associated  with  the  symmetric  aerodynamic  damping  forces. 

Consider,  now,  an  actual  flutter  test  where  the  flutter  system  has  n  degrees  of  freedom,  or 
more  probably,  the  system  has  been  idealized  to  have  n  degrees  of  freedom  corresponding  to  the 
first  n  normal  modes.  In  the  latter  case,  the  required  values  of  the  coordinates  and  their  first 
time  derivatives  can  be  obtained  from  the  output  of  n  strain  gage  bridges  used  ns  transducers, 
the  bridges  being  located  judiciously  such  that  at  least  one  bridge  has  an  adequate  output  for 
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FIGURE  11.  TYPICAL  CORRELATION  MEASUREMENTS 
TUNNEL  TEST  B  -  RUNS  1  AND  2 


each  degree  of  freedom  considered.  The  output  from  the  n  bridges  can  then  be  related  to  the  co¬ 
ordinates  as 


lei  -  [Cl iql 


(32) 


where  e  is  a  column  matrix  of  voltage  outputs  and  C  is  a  matrix  of  calibration  constants  estab¬ 
lished  through  a  vibration  test.  For  example,  if  n  -  3, 
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If  only  the  first  normal  mode  is  excited.  Equation  33  becomes 
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from  which  Cjj  =  e^/q^  C21  -  e2/qj.  an^  ^31  “  e3^<1l  •  '^'ie  0^er  columns  of  calibration  con¬ 
stants  can  be  obtained  similarly,  exciting  the  second,  and  then  the  third  normal  mode.  The  co¬ 
ordinates  can  then  be  written  as 


!ql«[Dl  let 


where 


ID)  =  [Cl 


-1 


(35) 

(35a) 


The  total  Aerodynamic  Power  Function  can  be  shown  to  be 
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is  a  determinant  formed  from  the  elements  of  the  matrix  l).  St»ecifically,  if  n  -  3, 
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The  relative  participation  in  the  flutter  mode  of  each  binary  subsystem  can  thus  be  established 
from  measurements  of  the  parts  of  Equation  36  weighted  by  theoretical  relative  values  for  the 
aerodynamic  skew-symmetric  stiffness  terms,  Pj [< / 2*  By  combining  all  measured  contributions  to 
form  the  total  APF(t),  a  single  function  is  provided  which  is  useful  for  monitoring  flutter  onset 
in  any  mode  involving  the  original  n  normal  modes. 


CONCLUSIONS 

The  analog  techniques  which  have  been  presented  for  the  analysis  of  flutter  model  time 
histoiy  records  are  unique,  present  repeatable  results,  and  are  believed  to  be  a  significant  step 
forward  in  the  state  of  the  art. 
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ABSTRACT 

Problems  of  airplane  and  space  vehicles  which  must  be  analyzed  thoroughly  from 
from  the  standpoint  of  dynamics  are  summarized.  Tools  available  for  the  solution  of 
such  problems  include  the  digital  and  analog  electronic  computers  and  mechanical 
analogs  such  as  dynamically  similar  models.  Since  computer  techniques  are  largely 
based  on  simplified  mathematical  representations  of  the  pertinent  phenomena  an 
attempt  is  made  \n  this  paper  to  evaluate  such  simplifications  for  some  of  the  modern 
theoretical  procedures. 

Practical  difficulties  in  the  fabrication  of  dynamically  similar  nmdels,  limitations 
in  the  availability  of  test  environments  and  basic  effects  of  scale  on  dynamic  phenomena 
require  the  use  of  certain  assumptions  in  the  design,  fabrication  mid  testing  °f  dynam¬ 
ically  similar  models.  The  assumptions  required  in  advanced  dynamically  similar  model 
techniques  are  listed  for  the  information  of  dynamics  engineers  and  are  compared  with 
those  listed  above  for  analytical  procedures. 

Recommended  procedures  involving  the  use  of  both  models  and  analytical  techniques 
are  outlined  for  the  solution  of  specific  problems  in  dynamics  for  airplane  and  space 
vehicles. 
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COMPUTER  VS  MODEL 


In  this  paper  the  analytical  and  experimental  tools  available  to  the 
aerospace  dynamicist  are  discussed  from  the  standpoint  of  how  these  tools 
were  developed  and  how  they  may  be  used  to  enable  the  dynamicist  to  do  a 
better  job  in  the  future.  This  responsibility  is  the  prevention  of  exces¬ 
sive  dynamic  loads  in  aerospace  vehicles  caused  by: 

1.  Instabilities  such  as  flutter  or  other  unfavorable  couplings 
between  structural  vibration  and  sources  of  vibratory  energy. 

2a.  Transient  inputs  due  to  gusts  and  landing  impacts. 

2b.  Steady  state  and/or  random  inputs  due  to  power  plants  and  flow 
separation. 

The  history  of  aerospace  dynamics  (See  Tables  1  through  5  and  References) 
show  that  even  as  late  as  the  mid-forties^  the  effect  of  the  dynamicist  on 
the  design  of  aircraft  was  basically  limited  to  isolation  of  the  power  plant, 
fixing  minor  vibration  problems  and  mass  balancing  of  the  control  surfaces. 

The  airplane  was  designed  on  the  basis  of  wind  tunnel  tests  of  rigid  models 
plus  static  strength  requirements.  The  Wright  Field  flutter  group  was  vibra¬ 
ting  aircraft  before  1939  to  determine  the  natural  structural  frequencies  and 
attempting  to  use  these  data  to  draw  conclusions  regarding  the  safety  of  the 
design  from  the  standpoint  of  flutter.  However,  the  methods  used  to  make 
these  decisions  during  this  period  were  almost  completely  empirical. 

The  use  of  theoretical  developments  by  Wright  Field  in  the  early  forties 
resulted  from  an  attempt  to  make  better  use  of  aircraft  vibration  frequency 
data.  It  turned  out  that  these  data  and  the  resulting  analyses  were  of  little 
value  from  the  standpoint  of  designing  improved  aircraft  during  that  period 
since  the  flight  speeds  were  just  too  slow  at  the  time  to  make  lifting-surface 
flutter  a  real  problem  for  the  configurations  then  in  use. 

Despite  this  situation,  the  early  theoretical  developments  of  i'headoi'sen, 
Garrick,  Biot,  and  many  others  turned  out  to  be  of  groat  value  for  solving 
dynamics  problems  in  future  aircraft.  These  developments  formed  the  basis 
of  AAF  TR  4798  which  put  the  flutter  theory  into  suitable  form  for  practical 
flutter  analysis  by  engineers.  The  advent  of  high  speed  aircraft  with  con¬ 
figurations  such  as  heavy  engine  and  stores  located  outboard  on  the  wing, 
T-tails  and  all  movable  ta:us  rer  iltod  in  flutter  limitations  of  static 
strength  designs  so  that  modifications  were  requiz*od  to  change  the  can  fi¬ 
guration,  rigidity  and/or  mass  distribution. 

To  assure  safety  and  assess  these  modifications  from  the  standpoint  of 
effectiveness,  weight  and  cost  the  following  possibilitio"  existed:  the  use 
of  dynamically  similar  models,  theoretical  analysis  or  a  ^onoirnti  on  of  model 
tost3  and  theory.  Neither  model  nor  theory  was  completely  adequate  in  itself. 
Limitations  in  the  theory  included  aerodynamic  and  structural  assumptions  and 
limitations  in  the  model  consisted  of  errors  in  dynamic  similarity,  wind  tunnel 
wall  effects  and  the  fact  that  the  flow  ov'r  the  model  was  in  many  cases  not 
at  the  true  flight  Mach  No.  In  view  of  these  limitations,  it  was  found  to  be 
desirable  to  obtain  a  physical  underst. lading  of  the  mechanism  involved  in 


103 


flutter  cases  measured  in  the  wind  tunnel.  The  use  of  tne  theory  for  explain¬ 
ing  teat  data  permitted  us  tc  comprehend  the  problem  in  a  quantitative  sense 
so  that  the  limitations  of  both  thu  theory  ;und  model  data  could  be  evaluated. 
This  type  of  correlation  inspires  practical  ei^ineers  with  a  high  degree  of 
confidence  in  test  results. 

The  early  theoretical  work  preceded  early  developments  of  flutter  models 
of  actual  aircraft-  because  computed  margins  of  safety  were  high  and  techniques 
for  building  suitable  models  were  not  available*  Some  of  the  first  models 
represented  unconventional  designs  such  as  the  XP-54,  b-35  and  b-36  and  did 
not  pay  off  because  they  were  replica  type  models  wniah  have  limitations  as 
discussed  later.  The  first  major  payoff  came  from  the  0-47  iiutter  model  which 
was  designed  primarily  to  represent  only  those  modes  of  vibration  expected  to 
be  significant  from  the  standpoint  of  flutter*  This  simplification  in  dynamic 
modeling  technology  turned  out  to  be  extremely  important  since  flutter  models 
based  on  this  concept  have  been  used  in  the  development  of  nearly  every  mocy  ;-a 
aircraft.  It  is  of  interest  to  note  that  the  B-47  flutter  model  program  wa.’ 
recccinendcd  by  the  Wright  Field  flutter  group  in  lieu  of  a  theoretical  program 
requested  by  the  contractor.  There  was  not  enough  confidence  in  the  theory 
for  high  performance  configurations  which  were  unconventional* 

During  this  same  period,  improvements  in  flutter  prediction  procedures 
were  attempted  with  digital  and  analog  computer  techniques 6  A  multi-degree 
of  freedom  analysis  was  carriea  out  cn  an  IBM  puich  card  machine  for  the 
B-36  aircraft,  Biot  and  W’iancko  developed  an  electronic  analog  for  flutter 
analysis  of  three  degree  of  freedom  systems*  Neither  of  these  developments 
paid  off  at  the  time  although  some  of  the  techniques  wvr*  used  in  later 
developments  along  similar  lines. 

The  limited  payoff  of  complicated  theoretical  and  experimental  approach**® 
indicates  the  importance  0f  simplicity  combined  wi*h  depth  of  understanding 
in  such  developments  (deference  103).  This  statement  does  not  mean  that 
computer  techniques  ore  of  no  value,  Essential  theoretical  calculations 
which  are  carried  out  sore  efficiently'  with  computer  equipment  are  justified 
and  in  fact  have  proven  extremly  valuable  for  dynamic  analysis,  however, 
the  fact  that  computer  equipment  can  handle  more-  complicated  theories  is  no 
reason  for  the  use  of  such  theories.  We  should  rave  no  respect  for  theory 
os'  tests  per  3e;  improveisaenis  in  the  aerospace  vehicle  resulting  from  the 
theory  or  tests  is  ail  that  matters. 

The  advent  of  transonic,  supersonic  and  hypersonic  vehicles  led  to 
significant  experiments!  and  theoretical  advances*  Of  particular  significance 
was  the  use  of  the  NASA  26  inch  blowdown  tunnel  and  the  requirement  of  the 
Wright  Field  flutter  group  for  model  tests  at  full  scale  Kach  numbers.  The 
high  density  ratios  available  hi  this  facility  made  it  possible  to  extend  the 
8-4?  model  concept  to  transonic  speeds.  In  addition,  the  theoretical  work  of 
1'ossio,  Garrick  and  Robinow,  Light hill,  Fines  and  others  extended  the  un¬ 
steady  aerodynamic  thoory  from  suosonic  to  hypersonic  speeds.  The  theory  was 
not  good  enough  to  be  -acceptable  ir.  itself  but  in  combination  with  model  test 
data,  flutter  problems  in  these  speou  ranges  could  be  solved  with  sufficient 
accuracy  for  engineering  purposes. 


The  importance  of  the  flutter  model  to  the  aerospace  industry  makes  it 
worthwhile  to  discuss  technological  developments  used  to  design  and  fabricate 
such  models.  It  is  sometimes  stated  that  such  models  are  complicated,  expen¬ 
sive  and  take  a  long  time  to  build.  However,  similar  statements  are  applicable 
to  the  design  and  fabrication  of  any  number  of  devices  which  must  conform  to 
definite  specifications  and  for  which  detailed  design  procedures  have  not  been 
developed.  In  the  case  of  dynamically  similar  models  of  aircraft  the  following 
factors  must  be  considered: 

1.  The  dynamic  phenomena  to  be  studied  with  the  model, 

2.  Available  fabrication  techniques. 

3.  Possible  model  designs  consistent  with  1.  and  2.  above. 

4.  Engineering  procedures  for  determination  of  the  optimum  model  design. 

5.  Test  procedures  for  measuring  the  dynamic  characteristics  of  the  model. 

Since  there  have  bsen  no  standard  procedures  for  the  design  of  dyr.amr- 
ically  similar  models,  a  number  of  design  approaches  have  been  used,  namely: 

1.  Exact  geometric  scaling  —  the  replica  model 

2.  Approximate  geometric  scaling 

3.  Scaling  of  external  geometry  only 

4.  Significant  mode  or  modal  approach 

5.  Combined  modal  and  equivalent  structural  approach. 

In  our  opinion,  the  first  three  approaches  are  impractical  for  small  scale 
models  of  structures  which  are  relatively  complicated  such  as  are  used  in 
aircraft.  On  the  other  hand  the  modal  approach  has  been  completely  successful 
for  the  low  3peed  flutter  model  and  a  corresponding  success  has  been  achieved 
with  the  combined  modal  and  equivalent  structural  approach  for  the  higa  speed 
flutter  model. 

The  failure  of  the  relatively  popular  geometric  scaling  approach  Is  due 
mainly  to  limitations  in  manufacturing  technology  which  are  economically  fea¬ 
sible  for  the  fabrication  of  dynamically  similar  models.  One  mu3t  not  only 
fabricate  all  the  multitude  of  parts  and  fasten  them  together  but  all  toler¬ 
ances  must  also  be  scaled.  Non-compliance  with  this  very  severe  requirement 
tn  tolerances  aftor  spending  a  lot  of  money  trying  to  make  the  model,  can 
easily  result  in  a  dynamical  behavior  of  the  model  that  is  nothing  like  the 
full  scale.  This  failure  which  can  be  very  serious  results  from  the  fact  that 
tho  model  has  actually  been  approximately  geometrically  sealed  instead  of 
exactly  scaled.  It  represents  a  complete  failure  of  a  mathematically  exact 
decision  because  of  a  lack  of  consideration  of  practical  fabrication  problems. 


Aftei  taking  a  beating  by  trying  exact  or  approximate  geometric  scaling, 
the  dynamics  engineer  sometimes  throws  in  the  sponge  and  tries  to  get  by  with 
a  model  that  has  the  correct  external  contours  and  some  stiffness  and  mass 
distribution  that  he  thinks  might  flutter  in  the  wind  tunnel.  The  plan  here 
is  to  obtain  a  flutter  point  and  conduct  calculations  for  the  model  to  obtain 
a  general  fudge  factor  for  the  theory.  While  it  is  believed  that  this  approach 
is  superior  to  the  exact  scaling  principle,  fudge  factors  for  the  theory  are 
functions  of  the  model  parameters  and  can  lead  to  significant  errors. 

As  previously  mentioned,  the  modal  approach  was  first  used  in  this  country 
by  Boeing  for  the  B-47*  This  approach  may  be  said  to  be  a  physical  representa¬ 
tion  of  the  equations  of  motion  in  terms  of  the  zero  airspeed  modes  expected 
to  be  significant  from  the  standpoint  of  flutter.  This  limited  objective  made 
it  possible  to  represent  the  elasticity  of  the  model  with  a  single  spar  which 
was  convenient  to  design,  machine  and  test.  For  the  same  reason  the  aero¬ 
dynamic  contours  could  be  made  of  balsa  wood  which  were  attached  to  the  spar 
in  spanwise  sections  so  as  not  to  affect  its  stiffness;  and  the  correct  weight 
distribution  could  be  obtained  by  concentrated  weights  installed  in  these 
sections. 

The  modal  approach  illustrates  some  sound  principles  which  are  perhaps 
the  key  to  success  in  any  dynamic  model  program  namely: 

1,  Limiting  the  scope  of  the  model  program  to  only  those  dynamic  pro¬ 
blems  which  must  be  solved  to  properly  design  the  full  scale  vehicle. 

-  nplifying  the  model  design  to  include  only  the  significant  parameters. 

3.  Designing  the  parts  of  the  model  so  that  elementary  engineering  pro¬ 
cedures  are  adequate  for  analysis  and  inexpensive  shop  practices  are  adequate 
for  fabrication. 

4.  Designing  the  model  so  that  mass,  stiffness  and  vibration  character¬ 
istics  can  be  measured  quickly  and  accurately  with  inexpensive  equipment  such 
as  mirrors  for  stiffness  tests,  bifilar  pendulums  for  inertia  measurements  and 
miniature  electronic  shakers  for  excitation. 

Proof  of  dynamic  similarity  by  means  of  these  simple  tests  and  correlation 
with  full  scale  data  gives  a  high  degree  of  confidence  in  such  models  not 
only  to  dynamics  engineers  but  also  to  supervisory  engineers  responsible  for 
the  success  of  complicated  aircraft  projects.  It  is  of  interest  to  repeat 
here  that  a  mathematically  approximate  but  practical  approach  resulted  in  a 
huge  success  in  dynamical  modeling  while  the  exact  or  replica  approach  proved 
to  be  impractical. 

The  desire  to  obtain  answers  to  dynamic  problems  at  transonic,  super¬ 
sonic  and  hypersonic  Mach  Numbers  lead  to  the  combined  modal  and  equivalent 
structural  approach.  The  number  of  modes  to  be  modeled  is  still  limited  to 
those  required  to  provide  the  answers  to  specific  design  problems.  Because 
of  the  higher  true  airspeeds,  higher  stiffnesses  must  bo  provided  in  such 
models;  however,  the  weight  is  the  same  as  that  of  the  low  speed  model  for 
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a  given  air  density  and  scale.  The  efficiency  of  the  model  structure  must 
therefore  approach  that  of  the  full  scale  structure  so  that  the  model  spar 
resembles  the  full  scale  spar  especially  if  the  full  scale  vehicle  utilizes 
a  main  box.  For  most  cases  a  simple  box  spar  is  designed  that  has  the  scaled 
local  GJ  and  El  of  the  full  scale  surface  and,  if  applicable,  the  chord  of 
the  spar  on  the  model  has  the  correct  scaled  value,  leading  and  trailing 
edge  chordwise  rigidities  are  generally  represented  by  a  small  number  of  ribs 
attached  to  this  spar.  The  space  in  between  the  ribs  and  final  aerodynamic 
contours  are  obtained  by  balsa  wood  glued  to  the  spars  and  ribs.  Chordwise 
slots  in  the  wood  are  generally  not  necessary  because  of  the  relatively  high 
stiffness  levels  of  the  model  spar. 

It  can  be  seen  from  the  above  that  this  combined  modal  and  equivalent 
structural  approach  is  a  natural  outgrowth  of  the  modal  approach  used  for  the 
low  speed  flutter  model.  However,  as  mentioned  above,  spars  and  other  elastic 
elements  for  such  models  designed  on  the  basis  of  elementary  structural  for¬ 
mulae  have  a  tendency  to  resemble  the  full  scale  components  in  regard  to 
scaled  dimensions.  In  fact  the  most  successful  models  have  been  those  where 
there  is  a  marked  similarity.  This  means  that  if  two-dimensional  structural 
analysis  indicates  a  spar  which  is  structurally  equivalent  and  geometrically 
similar  to  the  full  scale  spar,  there  will  be  an  advantage  in  using  this  spar 
over  one  which  the  theory  indicates  is  also  structurally  equivalent  but  not 
geometrically  similar.  This  result  at  first  appears  contradictory  to  pre¬ 
vious  statements  regarding  approximate  geometric  scaling  but  in  this  case 
the  design  is  based  on  elementary  structural  analysis  rather  than  on  geometry. 
The  improved  result  comes  from  the  fact  that  elementary  structural  theory  is 
two  dimensional  so  that  similarity  between  model  and  full  scale  structures 
tends  to  incorporate  the  proper  three  dimensional  effects. 

One  might  think  that  many  years  in  the  business  of  dynamic  models  might 
result  in  a  number  of  trade  secrets  but  actually  this  is  not  the  case. 

Success  depends  strictly  on  numerical  evaluation  of  proposed  designs  plus 
tests  in  the  laboratory  to  verify  the  results  of  the  analysis.  Experience 
with  various  programs  when  coupled  with  analysis  and  test  should  continually 
reduce  the  number  of  mistakes  although  unfortunately  the  same  mistake  pops 
up  more  than  once.  Problem  areas  which  are  encountered  frequently  are: 

1.  Meeting  the  weight  and  stiffness  specifications 

2.  Designing  attachments  with  sufficient  rigidity  within  weight  limits; 
for  example,  the  attachment  between  spars  and  balsa  sections. 

3.  Designing  concentrated  springs  to  represont  actuator  stiffnesses, 
engine  pylons,  supports  of  heavy  items  such  as  external  stores,  and  joints 
between  major  items  such  as  wing  and  tail  surfaces  to  fuselage  and  vertical 
to  horizontal  tails  on  T-tails. 

4*  Reduction  of  friction  and  play  in  hinges  to  small  enough  values 
to  have  a  negligible  effect  on  the  dynamic  characteristics. 


5.  Obtaining  good  shear  transfer  where  shear  deflections  control  the 
stiffness. 

6.  Prevention  of  buckling  of  thin  sheets  when  such  sheets  are  required 
for  the  model. 

Experience  and  testing  combined  with  a  knowledge  of  shop  practices  plus  an 
extensive  application  of  two-dimensional  structural  theory  is  necessary  to 
overcome  these  problems.  It  is  not  a  job  for  the  hobbyist,  the  pure  theo¬ 
retician,  or  the  expert  in  manufacturing  technology,  but  an  across  the  board 
combination  of  these  skills  plus  experience  is  required. 

The  importance  of  manufacturing  technology  in  the  design  of  dynamically 
similar  models  has  been  mentioned  above.  The  method  used  to  design  the  model 
is  based  on  the  application  of  sound  but  elementary  engineering  principles 
correlated  with  simple  tests  to  obtain  the  required  mass  and  stiffness  dis¬ 
tributions  and  aerodynamic  contours  with  the  simplest  manufacturing  technology, 
'"’he  full  range  of  simple  technologies  is  applicable  from  the  blacksmith  shop 
to  the  modem  standard  machine  tool.  Chemical  etching  has  been  quite  valu¬ 
able  for  obtaining  sheets  which  are  non-3tandard  in  tnickness.  Epoxy  re-ins 
in  combination  with  mechanical  fasteners  is  another  technique  that  has  proven 
extremely  useful.  Welding  is  used  where  possible  to  obtain  good  shear  trans¬ 
fer.  Key  materials  in  such  models  are  magnesium,  aluminum  and  balsa  wood. 

Other  major  items  that  affect  model  design  are  the  wind  tunnel  "qM 
and  Mach  No.  to  be  used  for  the  program.  There  is  an  advantage  in  testing 
at  low  nqM  foi  low  speed  models  since  the  loads  on  the  model  are  reduced  and 
spa'  weight  requirerants  are  easier  to  meet.  From  the  standpoint  of  obtaining 
scaled  static  defir  tions,  it  is  desirable  that  Hqw  be  proportional  to  scale 
although  in  practice  lower  values  of  "qw  seem  to  be  desirable  especially  on 
light  weight  structures.  For  true  Mach  No,  models,  the  blowdown  tunnel  with 
a  relatively  high  density  ratio  has  been  very  useful  as  indicated  previously. 

A  recent  NASA  facility  that  has  also  proven  to  be  very  useful  in  the  transonic 
range  i3  .the  16  ft.  Freon  tunnel.  This  tunnel  permits  the  use  of  low  speed 
flutter  model  techniques  to  obtain  data  at  the  correct  Mach  No.  because  the 
speed  of  sound  in  Freon  is  only  about  4 0$  of  that  in  air.  Freon  models  are 
somewhat  more  difficult  to  design  than  either  low  speed  or  high  speed  air 
models  because  the  stiffness  leT  ;ls  are  between  those  required  for  such  models. 
Strength  will  be  inadequate  if  an  external  skin  is  used,  while  weight  will 
be  a  problem  with  an  interna],  3par.  However,  the  advantages  of  testing  in 
Freon  far  outweigh  these  disadvantages. 


Testing  of  the  model  in, the  wind  tunnel  requires  the  use  of  a  dynamic 
mount  if  body  freedoms  are  icr  ~~tant  to  the  problem  being  studied.  The 
flying  rod  mount  seems  adequate  for  low  speed  tests  and  the  NASA  cable  mount 
is  suitable  for  high  speed  tests.  It  is  not  important  that  the  mount  have 
zero  effect  on  the  motions  being  studied  but  merely  that  the  effects  be  kept 
to  a  small  value.  In  othex  words,  the  impedance  caused  by  mount  constraints 
should  be  small  compared  to  the  impedance  of  the  body  itself  in  dynamic  motions 
being  studied.  It  goes  without  saying  that  the  model  must  be  statically  and 
dynamically  stable  on  its  mount.  A  further  requirement  ir  that  if  a  part  of 
the  model  is  lost  due  to  flutter,  the  mount  should  prevent  the  D.oss  of  the 
complete  model.  This  criterion  has  led  to  the  development  of  the  six  degree 
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of  freedom  spring  type  mount  which  has  recently  proved  successful  in  a  number 
of  flutter  model  tests.  The  travel  on  such  a  mount  is  naturally  restricted 
but  it  has  been  possible,  although  sometimes  somewhat  difficult,  to  fly 
models  on  such  a  mount  through  the  transonic  range.  It  is  desirable  that 
improvements  be  made  in  the  mount  area,  but  it  is  believed  that  simple 
approaches  to  overcome  existing  limitations  should  be  evaluated  by  accepted 
methods  of  dynamic  analysis  and  then  correlated  by  testing. 

It  is  not  clear  at  this  time  what  part  dynamically  similar  models  will 
play  in  the  future  of  aerospace  technology.  In  the  space  area  the  theoretical 
effort  in  dynamics  is  considerably  greater  than  the  test  effort  using  dy¬ 
namically  similar  models.  Since  the  theory  without  substantiation  is  seldom 
relied  upon  by  practical  engineers  and  mistakes  are  probable  in  lengthy 
computational  procedures,  one  may  expect  from  past  experience  that  an  in¬ 
creasing  amount  of  dynamic  analysis  will  be  based  on  model  tests  correlated 
with  theory. 

Some  trends  are  indicated  by  recent  models  of  aircraft  and  space  vehicles 
fabricated  by  Dynamic  Devices,  Incorporated. 

1.  Tilt  Wing  VTOL  Flutter  Model  -  Figure  1 

2.  Tilt  Duct  VTOL  Flutter  Model  -  Figure  2 

3.  Gemini  Landing  Model  -  Figure  3 

4*  Ground  Wind  Model  -  Figure  4 

The  designs  of  the  VTOL  Aircraft  are  so  unconventional  that  it  is  not 
practical  to  risk  the  safety  of  these  aircraft  by  relying  solely  on  theoret¬ 
ical  calculations.  The  reasons  for  the  Gemini  Landing  Model  were  the  non¬ 
linear  effects  of  the  shock  struts  and  skids.  The  ground  wind  model  involves 
the  effect  of  vortex  forming  flows  on  bending  vibration  for  which  there  is 
no  adequate  theory.  Other  areas  where  models  will  possibly  be  used  are  as 
follows: 

1.  Autopilot  Stability  -  Dynamic  Model  with  Autopilot 

2.  Structural  Vibration  -  Natural  Modes  and  Response  to  Environmental 
Excitation 

3.  Buffeting  -  Wind  Tunnel  Dynamic  Model 

4*  Dynamic  Loads  -  Gusts  —  Landing  -  Rendezvous 

5.  Fuel  Sloshing  -  Tanks  with  Baffles  and/or  Odd  Shaped  Tanks 

6.  Aerothermoelasticity  -  Wind  Tunnel  Tests  at  High  Temperatures 

We  may  wonder  why  the  theory  currently  has  the  upper  hand  in  space 
technology.  One  of  the  key  reasons  is  that  the  electronic  computer  permits 
more  complicated  calculations  but  perhaps  the  most  important  reason  is  that 
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the  computed  results  do  not  have  to  be  as  reliable  as  those  required  for  air¬ 
craft  flutter  since  space  vehicles  do  not  normally  encounter  a  go  or  no-go 
destructive  phenomenon  like  flutter.  The  only  problem  that  seems  similar  to 
flutter  is  autopilot  stability  which  at  present  is  determined  by  theoretical 
analysis,  and  in  this  case  it  is  possible  that  improved  systems  could  be 
developed  by  a  combination  of  model  tests  and  theory. 

There  is  a  recent  trend  toward  complicated  numerical  methods  of  analysis 
using  high  speed  digital  computers  which  give  improved  analytical  solutions 
for  complicated  problems  in  dynamics.  Since  each  solution  applies  to  only 
one  vehicle  configuration  and  it  is  not  exact,  model  technology  together  with 
less  complicated  but  more  generally  applicable  theory  may  give  more  reliable 
answers  at  lower  costs. 

The  large  dependence  on  theory  is  hard  to  take  for  practical  engineers 
who  have  spent  their  lives  believing  in  the  importance  of  good  tests.  This 
situation  could  be  alleviated  somewhat  if  computers  were  programed  to  tell 
engineers  not  only  what  happens  but  why  it  happens  in  suitable  language  so 
that  the  engineer  feels  that  he  understands  the  mechanism  involved.  The 
development  of  such  programs  will  cut  down  the  number  of  mistakes  that  are 
made.  Possible  examples  are:  (l)  strain  energy  distributions  for  major 
structural  elements  such  as  the  main  leading  edge  and  trailing  edge  boxes 
in  the  various  modes  of  vibration  and  (2)  vector  diagrams  representing  the 
energy  balance  in  the  important  degrees  of  freedom  involved  in  instabilities 
such  as  flutter. 

It  is  believed  that  the  simplest  and  least  expensive  tools  should  be 
used  to  solve  the  dynamic  problems  of  the  future.  These  tools  either  theory 
or  model  cannot  be  perfect  and,  in  fact,  any  approach  to  the  solution  of 
dynamics  problems  which  requires  perfect  tools  must  be  incorrect.  It  is 
believed  that  the  quest  for  perfect  approaches  has:  (l)  delayed  model 
developments  in  sonic  fatigue  and  aerothermoelast ic ity  (2)  resulted  in  a 
large  amount  of  improper  use  of  computer  capabiiities  and  (3)  produced 
complicated  and  expensive  models  with  a  very  limited  payoff.  The  entire 
flutter  model  technology  may  be  said  to  have  paid  off  because  a  practical 
but  imperfect  approach  was  adopted. 

It  i3  our  opinion  that  future  problems  will  be  adequately  handled  by 
our  imperfect  but  practical  tools  both  model  and  theory.  We  should  use 
these  tools  to  tell  us  why  as  well  as  what  since  it  is  only  by  knowing  why 
that  we  can  achieve  performance,  safety  and  reliability  of  aerospace  systems 
at  minimum  cost. 
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ABSTRACT 

The  complex  nature  of  the  random  aerodynamic  input  forces  associated 
with  transonic  buffet  and  ground  winds  leads  to  difficulty  in  analytical 
treatment  of  the  response  of  launch  vehicles  to  these  important  loading  con¬ 
ditions.  The  application  of  aeroelastically  scaled  models  in  the  wind  tunnel 
as  a  mechanical  analog  of  the  mathamatically  complex  problem  requiring  solution 
is  described.  Scaling  relationships  involved  in  this  approach  are  developed 
and  some  checks  on  their  validity  are  presented.  Model  design  and  support 
techniques  are  discussed  and  some  typical  results  given.  Some  problems  arising 
from  the  increased  size  of  launch  vehicles  are  discussed. 
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INTRODUCTION 


Aeroelastlc  models  cf  proposed  aircraft  or  components  have,  of  course, 
long  been  used  to  prove  the  stability  of  the  design  and  to  establish  flutter 
and  buffet  boundaries.  In  view  of  the  contributions  that  aeroelastic  and 
dynamic  model  testing  have  made  in  the  field  of  aircraft  design,  it  is  only 
natural  that  consideration  be  given  to  using  such  models  for  evaluation  of 
launch  vehicle  designs.  The  relative  importance  of  the  various  loading  con¬ 
ditions  cn  launch  vehicl.es  may  be  different  with  respect  to  those  on  aircraft 
structures  but  the  reliable  prediction  of  the  loads  is  as  important  as  ever. 

This  paper  is  concerned  with  the  prediction  of  gross  loads  due  to  the 
response  of  lightly  damped  systems  to  the  effects  of  separated  flow.  Two 
such  load  conditions  are  loads  induced  by  ground  winds  and  loads  due  to  tran¬ 
sonic  buffeting. 

As  shown  in  figure  1,  ground  winds  can  be  responsible  for  a  variety  of 
loading  conditions.  A  drag  load  is  produced  in  the  direction  of  airflow  that 
may  be  fluctuating  due  to  atmospheric  turbulence,  gusts,  etc.  Vortex  shedding 
can  induce  fluctuating  loads  in  the  direction  of  and  perpendicular  to  the  wind 
direction  that  may  very  well  dictate  strength  requirements  over  a  large  portion 
of  the  vehicle. 

Soon  after  lift-off  the  vehicle  may  be  subjected  to  transonic  buffeting 
loads,  that,  if  not  properly  accounted  for,  could  cause  failure.  Different 
types  of  buffet  flow  produce  fluctuating  pressures  which  can  have  quite  dif¬ 
ferent  characteristics.  An  illustration  of  the  differences  in  the  power 
spectral  density  of  the  fluctuating  pressures  for  two  buffet  flow  c  auditions 
is  given  in  figure  2.  AJ.though  the  total  energy  in  each  of  the  two  pressure 
power  spectra  is  about  the  same,  it  is  seen  that  the  distribution  of  energy 
is  quite  diffex-ent.  Most  of  the  energy  for  the  shock-boundary- layer  inter¬ 
action  type  of  flow  is  in  the  low-frequency  band;  however,  the  wake  buffet 
spectrum  is  nearly  "white"  and  extends  into  the  high-frequency  range.  The 
shock. -boundary-layer  interaction  type  distribution  would  be  of  concern  for 
the  booster  elastic  bending  modes,  whereas  the  wake  buffet  would  contain 
energy  cf  concern  for  Higher  frequency  modes  such  as  panel  response. 

The  complex  nature  of  these  random  aerodynamic  input  forces  associated 
with  transoiiic  buffet  and  ground  winds  leads  to  difficulty  in  analytical 
treatment  of  the  i-esponse  of  launch  vehicles  to  these  important  loading  con¬ 
ditions.  Consequently,  an  extensive  wind- tunnel  launch  vehicle  buffet  and 
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ground-winds  loads  study  program  has  been  undertaken  at  the  Ames  and  Langley 
Research  Centers. 

Most  of  the  buffet  data  reported  to  date  have  been  concerned  with  the 
fluctuating  pressure  input  part  of  the  problem.  (See  refs.  1  and  2,  for 
example.)  In  reference  3  fluctuating  pressure  data  are  presented  for  differ¬ 
ent  size  models  of  a  large  manned  launch  vehicle  tested  in  air  and  in  Freon- 12. 
Although  pressure  data  play  a  significant  role  in  understanding  the  overall 
buffet  characteristics  of  a  particular  configuration,  application  of  these 
input  data  in  the  prediction  of  gross  structural  response  is  usually  quite 
difficult.  However,  a  relatively  simple  loads  prediction  technique  can  be 
applied  which  makes  use  of  an  aeroelastically  scaled  model  in  a  wind  tunnel 
as  a  mechanical  analog  of  the  mathematically  complex  problem  requiring  solu¬ 
tion.  That  is,  a  suitable  model  in  a  suitable  wind  tunnel  first  generates  the 
correct  aerodynamic  input  forces  and  then  performs  the  very  difficult  time  and 
space  integrations  producing  the  desired  response  which  can  be  measured  read¬ 
ily.  The  application  of  this  concept  to  the  two  problem  areas,  gross  bending 
response  due  to  transonic  buffeting  and  ground-wind  loads,  will  now  be  dis¬ 
cussed.  Model  design  considerations,  including  the  support  system  and  scale 
factors,  and  the  data  analysis  methods  applied  to  the  two  problems  are  some¬ 
what  dissimilar.  For  instance,  the  ground-winds  model  must  be  essentially 
cantilevered  perpendicular  to  the  flow  direction,  whereas  the  buffet  model 
must  be  supported  in  as  nearly  a  free-f light  condition  as  practical.  Also  the 
relative  importance  of  scale  factors  is  different  for  the  two  models.  The 
major  aerodynamic  scale  parameter  for  the  buffet  model  is  Mach  number  but 
Reynolds  number  is  the  primary  aerodynamic  scale  parameter  for  ground-winds 
models.  Because  of  these  differences,  the  two  areas  of  concern  may  be  more 
conveniently  discussed  separately.  First,  considex'  the  dynamically  scaled 
aeroelastic  model  approach  applied  to  the  problem  of  predicting  vehicle  gross 
bending  loads  due  to  transonic  buffet. 


PREDICTION  OF  TRANSONIC  BUFFET  LOADS 


Design  Considerations 

A  suitable  model  is,  of  course,  a  prime  requirement.  In  addition  to 
properly  scaling  the  mass  and  stiffness  distributions  of  the  launch  vehicle, 
the  model  must  be  supported  in  such  a  manner  that  it  is  essentially  free  to 
respond  in  its  "free-free"  bending  modes.  Model  designs  at  Langley  satis¬ 
fying  these  requirements  to  varying  degrees  have  progressed  from  relatively 
simple  models  and  mounting  systems  to  rather  complex  ones.  Shown  in  figure  3 
is  a  simple  aeroelastic  model  the  stiffness  of  which  is  determined  by  the 
thickness  of  the  fiber-glass  shell.  Lead  ballast  was  fixed  to  reinforcing 
rings  along  the  model  length  to  obtain  the  proper  mass. 

A  more  sophisticated  model,  a  2-percent  aeroelastic  model  of  the 
Saturn  SA-1,  is  shown  in  figure  4.  Here  again  the  stiffness  distribution  is 
determined  by  the  thickness  and  radius  along  the  model  of  the  fiber-glass 
shell.  The  skeleton  reinforces  the  very  thin  scalloped  section  in  the  radial 
or  "hoop"  plane  and  serves  as  instrument  and  ballast  mounts  while  contributing 
negligible  bending  stiffness.  The  sting  incorporates  an  air-cooled  electro¬ 
magnetic  shaker  and  a  model  restraining  device.  The  model  is  supported  on  the 
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sting  by  leaf  springs  attached  to  the  model  at  the  first  free-free  mode 
points. 

Results  of  recent  investigations  (ref.  4,  for  example)  have  indicated 
that  vibration  modes  higher  than  the  fundamental  flexural  mode  may  need  to  be 
simulated.  The  power  spectrum  of  bending-moment  response  for  a  configuration 
tested  is  shown  in  figure  5*  which  indicates  that  the  first  two  elastic  modes 
are  of  equal  importance  in  defining  total  response  of  this  particular  config¬ 
uration.  Note  the  low  level  of  response  in  the  low-frequency  range  associated 
with  the  support  system.  It  has  been  found  that  supporting  the  model  at  the 
first  free-free  node  points  on  springs  that  are  soft  relative  to  the  model 
flexural  stiffness  provides  a  system  that  introduces  negligible  restraint  even 
in  the  higher  modes.  Shown  in  figure  6  are  some  calculated  free -free  mode 
shapes  and  frequencies  of  a  model  recently  tested  compared  with  the  mode  shapes 
actually  measured  on  the  model  mounted  on  the  support  system.  The  agreement 
is  considered  to  be  very  good,  and  indicates  that  the  free-free  modes  were  not 
unduly  influenced  by  the  mounting  system.  In  addition  to  supporting  the  model 
so  that  it  experiences  a  minimum  of  restraint  in  its  free-free  vibration  modes, 
other  factors  need  to  be  considered.  The  rigid  body  effective  pitch  stiffness 
may  be  simulated  but  the  sting- support  system  bending  frequency  must  not  be 
near  the  flexible  mode  frequencies.  Another  requirement  for  the  model  support 
system  is  that  a  means  be  provided  for  measuring  the  structural  and  aero¬ 
dynamic  damping  of  the  model  since  these  parameters  enter  into  the  scaling 
relationships  necessary  for  extrapolating  tunnel  test  data  to  full-scale 
conditions . 

An  example  of  such  a  support  system  that  has  been  used  recently  is  shown 
schematically  in  figure  7.  The  model  was  supported  on  a  sting  by  means  of  a 
system  of  cables,  pulleys,  leaf  springs,  and  torque  rod  springs.  The  leaf 
springs,  attached  to  the  model  at  the  forward  and  rear  node  points  of  the 
first  free-free  mode,  restrained  the  model  in  the  drag  and  yaw  directions. 

They  contributed  approximately  25  percent  of  the  pitch  stiffness  required  to 
simulate  the  full-scale  pitch  frequency.  The  model  weight  was  supported  by 
cables  (also  attached  to  the  model  at  the  first  free- free  node  points)  reeved 
over  pulleys  on  the  sting  and  routed  out  the  rear  of  the  model  to  a  system  of 
torque  springs  outside  the  test  section.  These  torque  springs  provided  the 
remaining  75  percent  of  the  required  pitch  stiffness.  Figure  8  is  a  photograph 
of  the  sting  and  shows  the  water-cooled  electromagnetic  shaker  field  coils 
which  were  built  onto  the  sting.  The  moving  coils  of  the  shaker  were  attached 
directly  to  the  inside  of  the  model  at  the  rear.  The  shaker  was  used  to  excite 
the  model  in  its  elastic  vibration  modes  in  order  to  determine  the  aerodynamic 
dancing  in  each  mode .  t  Iso  shown  are  the  pulleys  used  to  guide  the  weight- 
supporting  cables  down  '.he  sting  and  the  pneumatically  operated  "snubbers" 
which  were  used  to  restrain  the  model  mution  with  respect  to  the  sting  whenever 
the  need  arose.  Another  requirement  to  be  considered,  of  course,  is  the  suit¬ 
ability  of  the  tunnel  in  which  the  model  is  to  be  flown.  The  larger  the  model 
it  can  accommodate,  the  lesser  will  bo  the  fabrication  problem.  The  tremen¬ 
dous  size  and  low  stiffness  levels  of  launch  vehicles  already  dictate  drasti¬ 
cally  reduced  scale  models  with  the  accompanying  difficulty  in  realizing  the 
low  scaled  stiffness  levels  required  and  yet  making  them  strong  enough  to 
withstand  the  loads  imposed  in  wind-tunnel  testing.  Needless  to  say,  the  tun¬ 
nel  must  have  the  capability  of  operating  through  the  transonic  speed  range  at 
reasonable  levels  of  dynamic  pressure,  and  the  turbulence  level  must  be  suffi¬ 
ciently  low  so  that  the  buffet  response  is  not  obscured  by  the  response  to 
turbulence.  341 


Buffet  Loads  Scaling  Relationships 


Wind-tunnel  Buffet  loads  studies  rely  on  the  validity  of  certain  scaling 
parameters  for  extrapolating  the  model  results  to  full-scale  conditions.  The 
usefulness  of  these  parameters  has  been  reasonably  well  verified  for  the  air¬ 
plane  wing  buffet  problem.  Some  experiments  designed  to  provide  further 
insight  regarding  the  validity  of  their  application  to  the  launch  vehicle  buf¬ 
fet  case  have  been  conducted  in  reference  3*  Some  typical  results  are  shown 
in  figure  9*  In  this  figure,  the  power  spectra  of  fluctuating  pressures 
acting  on  rigid  models  of  a  launch  vehicle  configuration  are  presented.  The 
spectra  in  the  upper  part  of  the  figure  are,  essentially,  raw  data  measured 
on  two  models  which  differed  in  size  by  a  factor  of  five  and  which  were  tested 
in  air  and  Freon-12.  Consider  the  upper  portion  of  figure  7(a)  which  shows 
data  for  a  1.6-percent  and  an  8-percent  model  tested  in  Freon- 12.  The  two 
models  produced  two  spectra  which  form  separate  functions  of  frequency  out  to 
the  limit  of  the  instrumentation  of  about  600  cps.  The  spectra  of  the  lower 
portion  of  the  figure  have  been  scaled  to  full-scale  conditions  by  scaling 
relationships  which  involve  ratios  of  the  dynamic  pressure,  velocity,  and 
body  diameter.  The  scaling  relationships  used  are,  for  the  ordinate 


and  for  the  abscissa 


It  can  be  seen  that  the  spectra  of  the  lower  part  of  the  figure  could  reason¬ 
ably  well  be  represented  by  a  single  function  indicating  that,  in  this  case, 
the  scaling  relationships  seem  to  be  applicable  at  least  over  a  range  of  five 
to  one.  Figures  7(h)  through  7(e)  generally  indicate  the  came  conclusion. 
Figure  7(h)  presents  data  from  a  transducer  located  at  a  position  different 
from  that  of  figure  7(a) ,  and  the  data  in  figure  7(c)  are  for  a  different  Mach 
number  and  much  lower  pressures.  Figure  7(d)  compares  data  from  a  model 
tested  in  Freon-12  and  in  air.  Finally,  figure  7(c)  compares  the  data  from  a 
1. 6-percent  model  tested  in  Freon- 12  and  an  8-percent  model  tested  in  air. 
Results  of  this  type  encourage  the  belief  that  model  buffet  data  can  be  extrap¬ 
olated  to  full-scale  conditions.  Further  results  concerning  buffet  pressure 
scaling  are  contained  in  reference  5* 

In  order  to  predict  the  magnitude  of  full-scale  buffet  loads  from  tests 
on  dynamically  scaled  aeroelastic  models,  it  is  necessary,  of  course,  to 
determine  the  proper  scaling  relationships  for  such  a  system.  A  dynamic 
analysis  of  launch  vehicle  buffeting  has  been  considered  in  some  detail  in 
reference  4.  In  the  analysis,  based  on  simple  beam  theory  and  the  techniques 
of  generalized  harmonic  analysis  (which  is  treated  in  some  length  in  ref.  6 
and  was  first  applied  to  the  analysis  of  buffeting  in  ref.  7),  the  vehicle 
was  assumed  to  be  flying  at  constant  altitude  with  a  constant  velocity.  The 
only  aerodynamic  forces  present  in  addition  to  the  random  component  were 
damping  forces  proportional  to  the  velocity  of  the  bending  vibrations  of  the 
system.  No  loss  of  generality  results  from  neglecting  the  aerodynamic  inertia 
and  spring  forces  since  such  forces  usually  are  small  when  compared  with  their 
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structural  counterparts  for  a  slender  launch  vehicle  (see,  for  instance, 
refs.  8  and  9).  Structurally,  the  vehicle  was  considered  to  be  a  linear 
multidegree-of- freedom  system. 


The  final  result  obtained  from  this  analysis  for  the  total  root-mean- 
square  bending  moment  at  some  longitudinal  station  Zq  is 


R2L\n(kn) 


(1) 


(Although  eq.  (l)  has  been  developed  for  mean- square  bending  moment,  it  should 
be  pointed  out  that  expressions  similar  to  eq.  (l)  could  be  obtained  for  any 
quantity  which  is  proportional  to  displacement.)  The  total  mean-square  bending 
moment  is  a  superposition  of  single-degree- of- freedom  results  (coupling  terms 
were  neglected  in  the  derivation),  each  mode  being  independently  treated  as  a 
separate  system.  The  right-hand  side  of  equation  (l)  may  be  conveniently 
separated  into  three  parts.  The  first  part,  the  term  in2,  is  the  square  of 

an  effective  moment  arm.  The  second  term,  enclosed  in  brackets,  is  an  admit¬ 
tance  type  term.  In  particular,  it  is  n/2  times  the  maximum  value  of  the 
mechanical  admittance  in  the  nth  mode  multipled  by  the  width  of  the  admittance 
curve  at  the  one- half  power  point.  The  damping  ratio  which  appears  in  the 
second  term  of  the  right-hand  side  of  equation  (l)  is 


where 
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control- system  damping  ratio 
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aerodynamic  damping  ratio 
Ccr 

The  remaining  terms  are  associated  with  the  random  aerodynamic  loading.  The 
function  n(kn)  is  the  correlation  function  of  the  random  section  lift 

coefficients  for  the  nth  mode.  Although  not  mathematically  exact,  a  conven¬ 
ient  way  of  thinking  of  this  function  is  that  it  is  the  power  spectrum  of  an 
effective  random  aerodynamic  coefficient  in  the  nth  mode.  The  quantities  R, 
L,  q,  and  V  arc,  respectively,  reference  radius,  vehicle  length,  free- 
stream  dynamic  pressure,  and  free-stream  velocity. 

Thg  use  of  equation  (l)  for  scaling  buffet  loads  in  readily  apparent. 
Since  Cq,>n(^n)  be  the  some  for  both  a  dynamically  scaled  aeroelaslic 
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model  and  the  full-scale  vehicle,  the  total  full-scale  bending  moment  is 
related  to  the  corresponding  model  value  by  the  following  expression: 


where,  from  dimensional  considerations,  the  model-to- full- scale  damping  rela¬ 
tionship  is  given  by 
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(3) 


Although,  the  full-scale  bending  moment  at  a  particular  location  along  the 
vehicle  can  be  determined  directly  from  equation  (2),  the  missile  or  launch 
vehicle  designer  needs  to  know  the  distribution  of  bending  moments  along  the 
structure.  Therefore,  in  making  dynamic  bending-moment  measurements  on  a 
model  using  a  single  strain-gage  bridge,  a  strain-gage-location  sensitivity 
factor  must  be  determined  since  a  bridge  located  say  at  the  point  of  maximum 
bending  moment  in  the  first  mode  may  not  be  very  sensitive  to  moments  pro¬ 
duced  by  response  in  the  second  mode.  This  factor  can  be  determined  by  cal¬ 
culating  the  bending-moment  distribution  due  to  inertia  loading  for  motion  in 
each  mode,  respectively. 


Application  of  Buffet  Bending-Moment  Scaling  Relationships 

As  an  example  of  the  technique,  consider  its  application  to  an  8-percent 
dynamically  scaled  aeroelastic  buffet  model  of  the  Saturn-Apollo  launch  con¬ 
figuration  (built  by  the  Los  Angeles  Division  of  North  American  Aviation  for 
the  NASA)  that  was  tested  recently  in  the  transonic  dynamics  tunnel  at  the 
Langley  Research  Center.  The  Mach  1  point  on  the  trajectory  was  chosen  as 
the  design  point.  The  full-scale  trajectory  conditions  and  the  tunnel  per¬ 
formance  capability  and  size  dictate  the  model -to-full- scale  design  scaling 
ratios.  The  model  design  concept  is  shown  in  figure  10  which  is  a  photograph 
of  a  portion  of  the  model. 

The  backbone  of  the  model  was  an  8- inch- inside-diameter  central  aluminum 
tube  the  thickness  of  which  provided  the  properly  scaled  stiffness  distribu¬ 
tion  (except  for  minor  deviations  because  of  model  structural  considerations) 
and  the  necessary  strength  to  resist  the  loads  imposed  during  testing.  Lead 
weights  attached  to  the  aluminum  tube  provided  the  proper  weight  distribu¬ 
tion.  The  aluminum  tube  and  lead  weights  were  covered  by  styrofoam  segments 
which  provided  the  correct  external  contour.  The  model  was  mounted  in  the 
tunnel  on  the  support  system  described  previously  and  shown  in  figures  3 
and  4.  The  completed  model,  shown  in  figure  11,  mounted  in  the  Langley 

Research  Center  transonic  dynamics  tunnel  was  approximately  14-i  feet  long  and 

c. 

weighed  about  "jQ6  pounds. 
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The  primary  instrumentation  on  the  model  consisted  of  several  electric 
resistance-type  strain-gage  bridges  bonded  to  the  aluminum  tube  and  calibrated 
to  indicate  bending  moments.  The  gage  outputs  were  recorded  on  tape  during 
the  tests.  An  accelerometer  at  the  point  of  application  of  the  shaker  force 
to  the  model  was  used  in  conjunction  with  the  shaker  force  output  to  determine 
the  structural  and  aerodynamic  damping. 

In  order  to  scale  up  the  model  test  results  to  full-scale  values  using 
equation  (2),  it  is  first  necessary  to  determine  the  relative  contribution  of 
each  natural  mode  to  the  total  bending  moment  measured  on  the  model  at  a 
particular  location.  This  can  be  accomplished  by  integrating  the  power  spectra 
in  the  neighborhood  of  the  resonant  frequency  of  the  desired  mode.  A  typical 
bending-moment  power  spectrum  for  this  model  is  shown  in  figure  12.  Note  that 
for  this  case,  the  first  three  free-free  bending  modes  contribute  to  the  total 
power . 

The  damping  in  a  given  vibration  mode  can  be  determined  from  the  single- 
degree-of-freedom  relationship  for  a  distributed  mass  system:  at  resonance, 
damping  is  equal  to  the  applied  force  multiplied  by  the  normalized  deflection 
at  the  point  of  application  of  the  force  and  divided  by  the  velocity  of  the 
point  of  normalization  that  is  in  phase  with  the  applied  force.  (See,  for 
example,  ref.  8.)  An  electronic  transfer  function  analyzer  was  used  to  meas- 
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determined  by  measuring  the  total  damping  with  wind  on  and  subtracting  from 
that  value  the  structural  damping  determined  with  the  wind  off.  Full-scale 
aerodynamic  damping  wan  obtained  from  the  model  aerodynamic  damping  by  the 
relation  given  in  equation  (3).  An  example  of  full-scale  aerodynamic  damping 
data  is  presented  in  figure  13  as  the  variation  of  the  ratio  of  aerodynamic 
damping  to  critical  damping  with  flight  time  for  the  first  three  free-free 
bending  modes  of  the  Satum-Apollo  launch  vehicle.  In  this  figure  and  in  sub¬ 
sequent  data  figures  concerning  the  Saturn-Apollo  vehicl  .  values  of  damping 
and  bending  moments  have  been  omitted  in  order  to  avoid  a  confidential  classi¬ 
fication.  The  values  of  damping  shown  in  figure  13  are  small,  however.  The 
maximum  values  are  less  than  the  estimated  sum  of  the  full-scale  structural 
and  control- system  damping.  The  solid  portion  of  the  curves  represents  the 
range  of  the  wind-tunnel  studies  for  the  model  (M-0.90  to  M  =  1.2),  The 
dashed  portions  of  the  curves  are  estimated  values.  The  peaks  at  M  *  1.2 
are  caused  primarily  by  the  parameter  pV  which  diminishes  rapidly  after 
about  60  seconds  of  flight. 

The  full-scale  bending  moments  for  a  particular  mode  at  the  point  of 
measurement  were  then  used  in  conjunction  with  the  calculated  bending-moment 
distribution  due  to  the  inertia  loading  to  obtain  the  buffet  bending-moment 
distribution  in  that  mode.  Figure  14  is  an  example  of  the  distributed  root- 
mean-square  bending  moment  in  the  first  three  free-free  modes.  The  data  are 
for  zero  degrees  angle  of  attack  at  the  M  =  0.9  point  on  the  trajectory. 


The  mean-square  buffet  bending  moments  at  each  station  for  the  various 
modes  were  then  added  to  obtain  the  total  bending-moment  distribution.  The 
final  result  is  shown  in  figure  15  where  the  total  root -mean- square  buffet 
bending-moment  distribution  is  presented  for  zero  and  6°  angle  of  attack. 
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Based  on  tests  on  the  model  with  a  "Jupiter"  nose- cone  payload  with  and 
without  fins,  it  is  felt  that  some  of  the  measured  model  response  may  have 
been  due  to  tunnel  turbulence,  and  due  to  buffet  load  input  from  the  relatively 
thick  fins.  Further  investigations  concerning  these  factors  are  in  progress. 
Although  no  full-scale  flight  data  are  yet  available  for  comparison  with  the 
predicted  bending  moments,  definite  plans  have  been  made  to  attempt  to  obtain 
relevant  full-scale  data  during  the  forthcoming  SA-5  launch. 


PREDICTION  OF  GROUND- WIND  LOADS 


Considerations  in  the  Use  of  Models  for 
Ground-Winds  Loads  Prediction 

As  shown  in  figure  1 6,  a  launch  vehicle  erected  on  its  pad  or  on  a 
transporter  prior  to  launch  is  subjected  to  a  variety  of  loading  conditions 
imposed  by  variable  surface  winds  during  those  periods  in  which  the  protective 
gantry  is  removed.  A  steady  wind  imposes  both  a  steady  load  due  to  aero¬ 
dynamic  drag  and  oscillatory  loads  due  to  flow  separation  or  vortex  shedding 
around  the  vehicle.  These  oscillatory  loads  are  greatest  in  the  plane  per¬ 
pendicular  to  the  surface  wind  direction.  Additional  unsteady  loads  are 
caused  by  gusts  and  turbulence  in  the  ground-wind  flow.  These  ground-wind 
loads  create  problems  in  structural  strength,  guidance  alinement,  and  ground 
handling;  in  fact,  they  are  frequently  the  design  loads  for  the  lower  stages 
of  launch  vehicles.  The  basic  problem  is  to  insure  that  the  vehicle  free¬ 
standing  on  the  launch  pad  or  transporter  can  satisfactorily  withstand  the 
ground  wind  specified  for  completion  of  the  mission.  For  some  missions  this 
wind  may  be  the  99* 9-percent  probable  maximum  wind  during  the  month  of  high¬ 
est  winds  at  the  launch  site  (see  ref.  10). 

Although  considerable  effort  has  been  expended  in  study  of  the  problem 
(see  refs.  11  through  13),  no  satisfactory  theoretical  method  exists  for 
predicting  the  loads  due  to  vortex  shedding  from  ground  winds  on  launch  vehi¬ 
cles.  Preliminary  estimates  of  the  oscillatory  loads  from  vortex  shedding  may 
be  made  using  a  method  described  by  Ezra  (ref.  14)  provided  wind-induced 
response  data  are  available  for  a  vehicle  of  similar  size  and  geometry.  An 
alternate  method  based  on  unsteady  pressure  distributions  was  developed  by 
Bohne  (ref.  15).  Such  methods  are  useful  for  preliminary  design  purposes . 


The  best  present  means  of  obtaining  quantitative  data  on  ground- wind 
loads  on  launch  vehicles,  once  the  design  is  finalized,  is  from  wind-tunnel 
studies  of  dynamically  and  elastically  scaled  models.  Photographs  of  a  num¬ 
ber  of  typical  ground-winds  models  tested  in  the  Langley  transonic  dynamics 
wind  tunnel  are  presented  in  figures  17(a)  through  17(c).  Notice  the  presence 
of  the  umbilical  or  service  tower  in  most  of  these  figures .  If  such  a  struc¬ 
ture  remains  near  the  vehicle,  it  should  be  geometrically  simulated  because 
of  its  significant  effect  on  the  l'lov  of  ground  winds  over  the  vehicle. 

There  are  uncertainties  in  the  use  of  aeroelastJLc  model  wind-tunnel 
techniques  for  predicting  ground-wind  loads.  The  wind  tunnel  presents  a 
steady  wind  of  constant  velocity  profile  without  gusts  juid  with  a  scale  of 
turbulence  different  from  atmospheric  turbulence.  Thus  an  adjustment  must  be 
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(model-to-full- scale  ratios)  for  scaling  modei  length,  mass,  and  time  are 
readily  obtained.  The  seal  e  factors  for  any  other  physical  parameter  is 
obtained  by  substituting  in  the  dimensional  expression  for  the  desired  param¬ 
eter  the  value  of  the  model  scale  factors  for  length,  mass,  and  time. 


As  mentioned  in  the  introduction,  the  primary  flow  parameter  to  be  simu¬ 
lated  for  ground-wind  models  is  Reynolds  number.  The  primary  flow  variable 
for  buffet  models,  Mach  number,  is  of  importai.ee  in  ground-vind  model  work 
only  because  the  tunnel  Mach  number  must  not  exceed  0.4  if  compressibility 
effects  not  present  in  atmospheric  ground  winds  are  to  be  avoided.  This  Mach 
number  limitation  and  the  design  requirement  that  full-scale  Reynolds  number 
shall  be  simulated  combine  to  limit  the  range  of  ground  winds  which  can  be 
simulated  in.  the  wind  tunnel.  Figure  ly  shows  for  several  launch  vehicles  the 
ground-wind  velocity  simulation  which  can  be  obtained  under  these  restrictions 
in  the  Langley  transonic  dynamics  wind  tunnel  which  is  a  large,  variable- 
density  wind  tunnel  with  an  approximately  l6~foot- square  test  section.  For 
large  vehicles  such  as  Saturn  V  and  Nova  the  ground-winds  simulation  range  is 
far  lower  than  design  ground-vind  values. 

A  tentative  solution  to  this  problem  is  to  change  the  design  restriction 
that  full-scale  Reynolds  number  shall  be  simulated  to  a  design  restriction 
that  the  Reynolds  number  on  both  model  and  full-scale  vehicle  shall  be  super¬ 
critical  (Rjj  >  500,000)  for  the  ground- wind  velocities  of  interest.  The 
assumption  is  that  the  flow  simulation  is  adequate  if  the  model  Reynolds  num¬ 
bers  are  supercritical  although  less  than  full-scale  Reynolds  number.  This 
technique  has  been  used  for  Titan  III  and  Set-urn  V  models  to  enable  higher 
ground-viud  velocities  to  be  simulated.  Full-scale  data  to  test  the  validity 
of  the  results  are  not  yet  available. 


Mcdel  Construction  and  Mounting 

The  model  construction  usually  follows  one  of  two  techniques  frequently 
used  in  dynamic  mcdel  design.  One  technique  uses  a  metal  out?r  shell  of 
varying  thickness.  Ibis  shell  foras  the  basic  exterior  shape  of  the  vehicle 
and  simulates  the  stiffness  distribution  along  the  longitudinal  axis.  Addi¬ 
tional  weights  required  to  simulate  the  vehicle  weight  distribution  along  the 
longitudinal  axis  are  attached  to  the  interior  of  the  stiffness  carrying  shell 
in  itueh  a  esnnner  that  they  do  not  contribute  significantly  to  the  bending 
stiffness.  The  other  technique  involves  a  center  beam  or  spar  of  varying 
cross  section  along  the  longitudinal  axis  which  provides  the  correct  scaled 
bending  stiffness  along  the  longitudinal  axis.  This  central  spar  is  sur¬ 
rounded  by  a  low  stiffness  material  which  gives  the  correct  external  shape 
and  hm  imbedded  weights  to  provide  the  correct  scaled  mass  distribution. 

Structural  dftsgt-ing  in  the  model  (C-)  has  in  the  past  been  difficult  to 
control  as  accurately  an  other  design  par  waiters.  If  the  model  damping  dif¬ 
fered  fress  that  of  tne  full -scale  vehicle,  seal!  .g  corrections  tux*  made  in 
the  ci&ta  In  accordance  with  the  scaling  relationships  in  reference  lfe  which 
show  that  the  ?ssde.l  response  varies  inversely  with  the  square  root  of  the 
structural  dssiping.  There  has  recently  been  level  ped  by 

Mr.  Wileer  H,  need  XXI  Cf  the  Langley  Research  Center  a  viscous  damper  suitable 
for  Inst all»iior<  on  ground-winds  sxxieis  such  as  we  arc  discussing.  Figure  TO 
shove  the  const  ruction  of  the  dassper.  A  cylinder  filled  with  viscous  oil  has 
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y.  number  of  lead  discs  resting  on  concave  trays  in  the  cylinder.  As  the  model 
oscillates  perpendicular  to  its  longitudinal  axis,  the  combined  action  of  the 
fluid  and  lead  weights  provides  a  means  for  energy  dissipation.  The  damper  is 
mounted  as  shewn  in  the  upper  stage  of  the  vehicle.  By  varying  the  viscosity 
of  the  oil  or  the  weight  of  lead  discs,  various  values  of  structural  damping 
can  be  obtained.  Or,  its  initial  test  on  a  model  whose  structural  damping  was 
approximately  G.007  without  the  damper  installed,  controlled  variations  in 
damping  from  0.01  to  0.03  were  obtained  with  the  use  of  the  damper.  The 
damper  promises  to  be  very  useful  in  the  initial  and  future  tests. 

The  models  are  mounted  at  the  station  corresponding  to  the  full-scale 
vehicle  tie-down  station  on  a  base  mount  fixture  designed  to  simulate  the 
scaled  tie-down  stiffness  of  the  full-scale  vehicle.  Since  at  the  time  of 
model  testing,  an  accurate  value  of  full-scale  tie-down  stiffness  is  often  not 
known,  a  variable  stiffness  base  mounting  fixture  has  been  developed  which  is 
shown  in  figure  21.  The  fixture  has  a  center  cylinder  with  heavy  flanges  on 
either  end.  The  center  cylinder  supports  the  model  weight  and  has  a  value  of 
stiffness  somewhat  lower  than  the  scaled  tie-down  stiffness  should  be.  Eight 
pretensioned  steel  rods  with  or  without  cylindrical  sleeves  can  be  fastened 
between  the  upper  and  lower  flanges  to  increase  the  stiffness  of  the  fixture. 
By  varying  the  diameter  of  the  peripheral  rods,  different  values  of  tie-down 
stiffness  may  be  obtained.  The  model  is  attached  by  bolts  to  the  upper  flange. 
The  lower  flange  bolts  to  a  massive  8-foot~diameter  turntable  which  may  be 
rotated  from  the  control  room  to  any  desired  wind  azimuth  angle.  Desirable 
features  of  this  variable  stiffness  base  mounting  fixture  are  that  it  has 
repeatable  values  of  stiffness  which  can  be  changed  without  dismounting  the 
model,  and  its  design  and  fabrication  are  simple. 


Instrumentation 

The  primary  instrumentation  for  measuring  model  response  consists  of  two 
strain-gage  bridges  mounted  near  the  model  base  station  in  planes  90°  apart 
around  the  circumference  and  two  accelerometers  mounted  on  the  model  near  the 
nose  in  the  same  two  reference  planes.  These  sensors  are  used  to  obtain  time 
histories  of  the  bending-moment  and  deflection  responses  of  the  model  to 
simulated  ground  winds.  Conventional  readout  instrumentation  such  as  recording 
oscillographs,  oscilloscopes,  and  thermocouples  (for  mean  square  of  response) 
are  used. 

One  Interesting  component  of  readout  instrumentation  which  has  been 
Cx  :veloped  for  the  ground-wind  tests  is  the  use  of  time  exposure  photographs  of 
an  oscilloscope  set  up  to  display  the  response  from  one  bending- moment  sti'ain 
gage  on  one  axis  and  the  response  from  the  strain  gage  in  the  other  reference 
plane  on  the  other  axis.  Figure  22  shows  this  arrangement  schematically.  A 
no-wind  position  spot  shows  no-load  position.  As  the  model  responds  both 
statically  and  dynamically,  the  outputs  from  these  strain  gages  trace  an 
elliptical  pattern  on  the  oscilloscope  since  the  lift  response  is  greater  than 
the  drag  response.  The  borders  of  the  ellipse  thus  formed  represent  the  curve 
of  maximum  dynamic  bending-moment  response  during  a  data  sample  and  the 
distance  the  center  of  the  ellipse  has  shitted  from  the  no-wind  spot  gives  the 
magnitude  and  direction  of  the  static  bending-moment  response.  The  maximum 
length  vector  which  can  be  drawn  from  the  wind-off  zero  spot  to  the  outside 
of  the  dynamic- response  envelope  is  the  maximum  resultant  bending  moment.  An 
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excellent  feature  of  this  type  of  presentation  is  that  it  has  the  correct 
relationship  between  the  maximum  oscillatory  response  in  the  lift  and  drag 
directions. 


Tests  and  Results 

The  usual  procedure  in  grounu-wind  tests  is  to  set  the  tunnel  at  a  con¬ 
stant  velocity  which  simulates  a  sizable  ground  wind  and  then  rotate  the  model 
and  umbilical  tower  through  l80°  or  36O0  of  wind  azimuth  angle,  stopping  at 
various  azimuth  angles  tc  record  1-  or  2-minute  data  samples  of  the  model 
response.  The  time  scale  factor  is  such  that  1-  or  2-minute  model  data 
samples  represent  many  minutes  of  full-scale  data.  Due  to  the  presence  of  the 
umbilical  tower  or  asymmetrJ.es  in  the  model,  there  are  usually  one  or  more 
wind  azimuth  angles  for  which  the  response  is  larger  than  at  other  angles. 

This  variation  of  the  response  with  wind  azimuth  angle  is  strikingly  shown  in 
figure  23  by  the  oscillograph  time  histories  taken  at  a  constant  velocity  but 
varying  wind  azimuth  angle.  The  model  and  umbilical  tower  are  represented 
schematically  in  top  view  in  the  center  of  the  figure.  The  fi’re  wind  azimuth 
angles  are  shown  by  the  broad  arrows  and  the  oscillograph  response  for  each 
wind  angle  is  opposite  the  point  of  the  arrow.  It  is  readily  seen  that  the 
wind  flow  through  the  umbilical  tower  affects  the  model  response  with  the 
maximum  response  at  135° •  Note  that  the  steady- state  vector  has  a  lift  as 
wexl  as  a  drag  component  which  is  believed  to  be  caused  by  the  partial  block¬ 
age  of  one  side  of  the  umbilical  tower  by  a  series  of  conduit  cable  shields. 

Once  the  wind  azimuth  angles  of  greatest  response  are  determined,  the 
variation  of  model  response  with  simulated  ground-wind  velocity  is  determined 
for  each  of  these  angles  over  a  range  of  simulated  ground  winds  up  to  the 
M  =  0.4  compressibility  limit. 

Typical  plots  of  the  constant  velocity,  variable  wind  azimutn  response 
and  constant  azimuth,  variable  ground- wind  responses  are  shown  in  figure  24. 
The  base  bending-moment  response  is  plotted  against  turntable  angle  in  the 
upper  figure  for  a  simulated  velocity  of  40  knots  and  the  base  bending 
response  of  the  maximum  response  wind  azimuth  angle  of  I350  is  shown  in  the 
bottom  figrre  as  a  function  of  tunnel  dynamic  pressure  which  varies  as  the 
square  of  simulated  ground- wind  velocity. 


Application  of  Model  Data  to  Full-Scale  Vehicle 

By  use  of  the  scale  factors  derived  for  the  model,  the  model  ground-wind 
response  measured  in  the  wind  tunnel  can  be  scaled  to  the  full-scale  vehicle. 
These  data  give  the  loads  on  the  model  imposed  by  a  uniform  stream  velocity, 
namely  (a)  steady  drag  and  lift  loads  and  (b)  unsteady  loads  associated  with 
vortex  shedding  due  to  flow  separation.  Modifications  must  be  made  to  the 
wind-tunnel  measured  loads  to  account  for  differences  between  the  uniform 
velocity  in  the  wind  tunnel  and  the  parabolic  velocity  gradient  near  the 
ground  in  the  atmosphere.  In  addition,  the  response  from  unsteady  loads  due 
to  gusts  and  turbulence  found  in  atmospheric  winds  but  not  present  in  the 
tunnel  flow  must  be  calculated. 
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The  modification  of  tunnel  test  data  for  velocity  profile  shape  is 
accomplished  by  finding  an  equivalent  uniform  velocity  Ue  which  distrib¬ 
uted  along  the  vehicle  gives  the  same  steady-state  bending  moment  at  the  base 
as  the  design  ground-wind  profile. 

Two  approaches  may  be  used  to  estimate  the  unsteady  loads  on  the  vehicle 
caused  by  gusts  and  turbulence  in  the  atmosphere.  The  first  approach  assumes 
the  wind  input  to  be  in  the  form  of  a  discrete  gust  tuned  to  the  vehicle 
natural  frequency.  The  other  approach  assuir.es  the  wind  input  from  gusts  and 
turbulence  can  uest  be  represented  by  the  statistical  properties  of  a  sta¬ 
tionary  random  process  (see,  for  example,  ref.  16) .  The  second  approach  more 
realistically  represents  the  effects  of  structural  damping  and  is  the  one 
favored  herein.  Components  of  velocity  (from  gusts  and  turbulence)  in  the 
direction  of  and  perpendicular  to  the  wind  direction  are  considered.  In  this 
approach  the  components  of  the  velocity  fluctuations  due  to  gusts  and  turbu¬ 
lence  are  assumed  to  be  random  functions  of  time  perfectly  correlated  along 
the  vehicle  length.  Aerodynamic  loads  are  defined  by  a  two-dimensional  strip 
analysis.  An  equivalent  uniform  velocity  profile  is  used.  The  equations  of 
motion  are  linearized.  The  dynamic  model  response  is  assumed  to  occur  in  the 
fundamental  mode.  A  specific  power  spectrum  for  atmospheric  turbulence  devel¬ 
oped  by  Von  Karman  (ref.  17)  and  applied  by  Koubolt  (ref.  lb)  is  used.  A 
scale  of  turbulence  is  assumed  and  the  intensity  of  turbulence  is  specified 
such  that  the  3cr  level  of  the  turbulence  velocity  components  corresponds  to 
O.UUe,  the  amount  by  which  the  peaK  design  wind  exceeds  the  mean  equivalent 
wind  Ue.  The  envelope  of  the  Jo  bending- moment  response  due  to  turbulence 
and  gusts  calculated  from  the  preceding  assumptions  is  an  ellipse  similar  to 
that  for  maximum  dynamic  response  due  to  vortex  shedding  except  the  major  axis 
is  in  the  plane  of  the  wind. 

The  equivalent  velocity  profile  Ue>  and  the  3o  turbulence-response 
envelope,  both  calculated  as  described,  are  combined  with  the  steady- state 
response  and  response  due  to  vortex  shedding,  both  measured  in  the  wind  tun¬ 
nel..  The  method  of  combining  these  loads  to  get  a  final  answer  for  the  full- 
scale  vehicle  response  to  ground  winds  is  shown  in  figure  25.  In  this  figure 
the  input  winds  are  the  equivalent  velocity  Ue  plus  the  u  and  v  com¬ 
ponents  of  atmospheric  turbulence  ami  gusts.  The  Jo  turbulence  response 
envelope  has  its  center  at  the  end  of  the  steady  drag  vector.  The  vortex 
shedding  response  envelope  is  moved  with  its  center  on  the  boundary  of  the 
turbulence-respor.se  envelope  to  establish  a  locus  of  points  from  which  the 
maximum  resultant  base  bending  moment  Kay  be  determined. 

At  present  there  are  little  or  no  full-scale  data  available  to  verify 
the  assumptions  in  this  analysis  and  the  data  from  ground-wind  model  in  wirsd- 
tunnel  tests.  However,  preparations  are  currently  being  made  for  erecting 
surplus  Jupiter  and  Thor  vehicles  at  Wallops  Island  for  obtaining  full-scale 
ground-winds  data.  Ground-wind  full-scale  measurements  on  full-scale  Saturn 
vehicles  are  also  being  planned. 
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SIMUIATION  OF  ORBITAL  MOORING  OF 
GEMINI  AND  AGENA  VEHICIBS  BY  MEANS 
OF  DYNAMICALLY  SCAIBD  MOLELS 


R.  K.  Nolting 

McDonnell  Aircraft  Corporation 


Abstract 


The  mooring  dynamics  of  a  Gemini  spacecraft  and  Agena  booster  are 
studied  by  means  of  dynamically  scaled  models.  Bach  vehicle  is  supported 


through  a  glmbal  arrangement  which  is  suspended  by  a  cable  from  a  "zero 


spring  rate*  mechanism  to  provide  6  degrees  of  freedom.  Vehicle  transient 
response  and  critical  loads  are  obtained  through  accelerometers  and  strain 
gages  on  the  models.  Test  results  are  then  correlated  with  planar 
analytical  studies  in  which  all  rigid  body  degrees  of  freedom  and  non- 
linearities  are  included. 

The  objectives  of  the  program  include  determination  of  the  adequacy 
of  the  shock  absorbing  system  parameters,  vehicle  transient  response,  and 
envelope  of  approach  conditions  giving  successful  mechanical  coupling. 
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SIMJIATION  OF  ORBITAL  MOORING  OF 
GEMINI  AND  AGENA  VEHICLES  BY  MEANS 
OF  DYNAMICALLY  SCALED  MOTELS 

R.  K.  Nolting 

McDonnell  Aircraft  Corporation 


Introduction 

NASA  Gemini  program  calls  for  rendezvous  in  an  earth  orbit  of  the 
McDonnell  built  Gemini  spacecraft  with  an  Agena-D  target  vehicle  equipped 
vith  a  McDohs.oll  docking  adapter.  This  mission  will  be  the  first  of  its  kind 
undertaken  by  the  free  world. 

Toe  rendezvous  mission  is  conveniently  divided  into  three  phases.  The 
first  phase  may  be  defined  as  bringing  the  two  vehicles  within  500  feet  of  one 
another  and  reducing  their  relative  velocity  to  about  5  feet  per  second.  The 
second  phase,  called  docking,  begins  when  the  vehicles  are  500  feet  apart  and 
ends  with  vehicle  contact.  The  relative  velocity  of  the  vehicles  can  be  fur¬ 
ther  reduced  during  this  i period  as  required.  The  final  phase,  mooring,  be¬ 
gins  with  actual  physical  contact  between  the  tvo  vehicles  and  ends  when  the 
vehicles  have  been  rigidly  connected. 

Due  to  its  fairly  general  nature,  many  articles  appear  in  che  literature 
on  the  analysis  of  the  first  phase  of  the  rendezvous  problem.  Analysis  of 
the  mooring  operation,  however,  is  very  dependent  on  the  design  of  the  par¬ 
ticular  mooring  system.  Consequently,  analyses  appearing  in  the  literature 
which  have  been  carried  out  in  rather  general  terms  are  not  too  useful,  and 
at  the  sa-se  time  there  have  been  few  attempts  to  analyze  a  realistic  mooring 
system.  The  Gemini  program  supplies  the  need  for  the  analysis  of  a  practical 
mooring  system.  In  support  of  the  dynamic  analysis  of  the  proposed  design, 
McDonnell's  Structural  Dynamics  Department  requested  that  the  Structures  Lab¬ 
oratory  conduct  a  1/4  scale  dynamic  model  mooring  test. 


Objectives  of  Test  Program 

The  objectives  of  the  test  program  were  to  confirm  the  design  of  the 
mooring  system  by  providing  information  concerning: 

1.  The  stability  of  the  shock  absorbing  modes. 

Maximum  leads  in  shock  absorbing  system  components. 

3-  TiSse  histories  of  the  accelerations  of  each  vehicle  in 
all  ii  rigid  body  degrees  of  freedom. 

4.  Licit-irg  values  of  angular  and  linear  misalignment  for  which 
latching  of  the  tvo  vehicles  occurs. 

5  •  The  adequacy  of  the  proposed  sp.*ing  and  damper  c’iaracteristics 
of  the  shock  absorbing  system. 

c-.  The  adequacy  of  tbs  mathematical  model  used  in  the  a n«  ;ytical 
studies . 


Description  of  Models,  Suspension  System,  and  Instrumentation 

Each  vehicle  was  represented  by  a  l/4  scale  model  having  rigid  body  mass 
and  three  axes  mass  moment  of  inertia  simulation.  Figure  1  shows  the  models 
in  the  moored  configuration.  The  various  scale  factors  used  in  designing  the 
models  ore  listed  in  Table  1. 

Figure  2  shows  the  model  shock  absorbing  system  corresponding  to  the 
system  on  the  full  scale  target  vehicle.  The  model  has  been  rotated  in  Fig¬ 
ure  2  for  display  purposes.  The  full  scale  system  consists  of  three  lateral 
dampers  and  four  longitudinal  dampers  in  parallel  with  springs.  These  sup¬ 
port  a  mooring  cone  with  a  half- angle  of  31*5  degrees.  On  the  top  side  of 
this  mooring  cone  is  a  roll  slot  which  guides  a  roll  indexing  bar  on  the  nose 
of  the  Gemini.  Two  of  the  longitudinal  spring-dampers  are  placed  there  at  an 
angle  of  degrees  to  one  another  to  dissipate  the  energy  associated  with 
this  rolling  motion. 

At  the  base  of  the  mooring  cone  are  three  hard  stops  and  spring  loaded 
latches  equally  spaced  at  120  degrees  around  the  circumference.  During  moor¬ 
ing,  as  the  leading  edge  of  the  Gemini's  nose  passes  over  them,  the  latches 
are  depressed  flush  with  the  cone  surface.  When  the  Gemini's  nose  reaches 
the  hard  stops  the  latches  automatically  seat  inuo  recesses  located  on  the 
nose  at  these  three  120  degree  locations.  The  Gemini  is  thereby  fastened  to 
the  mooring  cone.  This  is  the  first  step  in  securing  the  two  vehicles  to¬ 
gether. 

The  three  lateral  dampers  have  metered  orifices  to  provide  level  force- 
stroke  characteristics.  The  longitudinal  dampers  have  constant  orifices  and 
are  in  parallel  with  springs  to  minimize  peak  forces  also.  Damper- spring 
combinations  were  chosen  for  the  longitudinal  elements  of  the  shock  absorbing 
system  instead  of  metered  orifice  dampers  because  the  mooring  cone  must  return 
to  the  fully  extended  position  after  the  latches  have  secured  the  Gemini’s 
nosi .  This  is  necessary  in  order  that  the  mechanism  which  then  pulls  the  cone 
down  on  to  heavy  structural  pads  to  rigidly  connect  the  two  vehicles  can  be 
operated.  The  springs  have  a  small  preload  to  insure  full  extension  cf  the 
cone.  The  longitudiual  dampers  are  constructed  to  use  &  much  smaller  orifice 
on  their  return  stroke  to  restrict  the  rate  at  which  the  energy  stored  in 
the  springs  in  parallel  with  them  is  released.  This  is  desirable  in  order 
to  keep  rebound  effects  during  mooring  to  a  minimum. 

The  model  closely  duplicated  the  kinematics  of  the  full  scale  system  and 
the  springs sncl  clampers  were  dynamically  scaled  as  recorded  in  Table  1.  The 
mooring  cone  surface  was  coated  with  the  same  dry  film  lubricant  planned  for 
use  on  the  lull  scale  article  and  for  the  some  reason  ihe  leading  edge  of  the 
Gemini's  nor.c  was  covered  with  a  layer  of  fibcrglas. 

Each  model  was  supported  at  its  center  of  gravity  through  a  low  friction 
gimbal  device  which  was  suspended  by  a  30  foot  cable  from  a  "zero  spring  rate" 
mechanism  shown  in  Figure  3*  As  shown  in  the  figure,  the  vertical  spring 
supported  the  model  weight.  Tlx;  lateral  springs  were  in  tension  and  produced 
a  compressive  foi'ce  in  each  lateral  rod.  As  the  model  o  center  of  gravity 
moved  during  mooring  these  compressive  forces  canceled  the  change  in  the 
force  exerted  by  the  support  spring.  This  combination  of  springs  had  an 
effectively  zero  spring  rate  about  the  equilibrium  position  as  indicated  in 
Figure  4.  To  determine  this  curve  a  series  of  small  leads  was  applied  to  the 
suspension  system  while  the  system  was  already  supporting  the  model  weight. 

The  discontinuity  in  this  force-displacement  curve  was  due  to  the  small 
amount  of  static  friction  in  the  system.  Some  idea  of  the  sensitivity  of  the 
system  is  given  by  noting  in  Figure  4  that  as  the  break-out  force  of  .044 
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pounds  was  reached, the  model  glided  about  2  Inches  before  the  spring  rate  be¬ 
came  sufficient  to  stop  it.  It  is  seen  that  the  curve  is  reasonably  flat 
over  a  single  amplitude  of  3  inches  which  was  more  than  sufficient  in  view  of 
the  maximum  initial  misalignments  permitted  during  mooring.  This  method  of 
suspension  provided  each  model  with  6  rigid  body  degrees  of  freedom  to  simu¬ 
late  the  orbital  condition. 

Each  model  was  instrumented  with  six  strain  gage  type  accelerometers  to 
measure  all  linear  and  angular  accelerations.  The  lateral  and  longitudinal 
dampers  shown  at  the  top  of  Figure  2  were  instrumented  with  semi-conductor 
strain  gages  to  measure  the  loads  in  these  members.  Motion  picture  films 
were  taken  of  all  runs.  A  hand  held  camera  operated  at  64  frames  per  second 
and  two  mounted  Fastex  cameras  ran  at  250  frames  per  second. 


Basic  Model  Data 

The  inertia  data  of  each  model  is  given  in  Table  2  and  corresponded  to 
the  heaviest  configuration  expected  of  each  prototype  vehicle  at  mooring. 

The  exact  mass  of  the  Gemini  model  at  mooring  is  classified  but  it  can  be  ap¬ 
proximated  as  equal  to  that  of  the  target  vehicle  for  present  purposes.  Test¬ 
ing  was  limited  to  one  configuration  and  the  heaviest  was  chosen  to  make  the 
shock  absorbing  system  dissipate  the  maximum  amount  of  energy.  This  relation 
is  easily  shown  for  a  2  degree  of  freedom  system.  If  the  Gemini  collides  in- 
elastically  with  the  Agena  target  vehicle  at  a  relative  velocity  of  VQ,  and 
attitude  control  toruster  forces  are  neglected,  conservation  of  momentum  and 
energy  gives  the  energy  to  be  dissipated  as 


2  \  l/m*  +  l/mg 

It  is  seen  that  the  Gemini  and  target  vehicle  play  equal  roles  m  increasing 
AT  as  their  mass  increases. 

The  center  of  gravity  of  the  target  vehicle  model  was  located  39*83 
inches  from  the  edge  of  the  mooring  cone  when  fuDy  extended.  The  Gemini 
model's  center  of  gravity  was  29.10  inches  from  its  leading  edge. 

The  damping  characteristics  of  each  of  the  three  types  of  dampers  on  the 
prototype  sbock  absorbing  system  were  determined  by  analytical  studies  before 
the  initiation  of  the  model  tests.  One  objective  of  the  test  was  to  demon¬ 
strate  that  these  characteristics  were  adequate.  The  dashed  curves  on  Fig¬ 
ures  5,  6,  and  7  represent  these  proposed  damping  constants  for  the  full 
scale  dampers,  but  have  been  scaled  down  to  model  dimensions.  The  solid 
curves  or.  these  figures  show  the  damping  const-ants  of  the  model  dampers  as 
actually  constructed  and  used .  To  determine  these  curves,  each  damper  was 
stroked  by  impact  with  a  mass  tx’avellng  with  known  initial  velocity.  Accel¬ 
erometer  and  strain  gage  data  supplied  the  force  and  velocity  sensed  by  the 
damper  at  each  point  in  the  stroke.  Ic  the  analytical  studies  the  orifice 
dampers  were  assumed  to  generate  forces  proportional  to  the  square  of  the 
velocity  sensed.  Accordingly,  the  simplest  approach  in  comparing  the  dampers 
used  in  the  analytical  studies  to  the  dampers  used  on  the  model  was  to  stroke 
the  model  dampers  with  velocities  in  the  range  of  actual  operation  and  deter¬ 
mine  the  effective  velocity  squared  damping  constant  by  dividing  the  measured 
force  by  the  square  of  the  velocity  at  each  point  in  the  stroke.  This  measured 
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force  included  friction.  Efforts  were  made  in  the  construction  of  the  model 
dampers  to  minimize  frictional  forces.  The  surfaces  of  moving  metal  parts 
were  polished  and  care  was  taken  in  fitting  the  fluid  seals.  Although  no 
attempt  was  made  to  measure  the  kinetic  friction  force  in  each  damper,  it  is 
felt  that  the  level  was  still  several  times  the  scaled  value  expected  of  each 
full  scale  damper.  These  friction  forces  are  partially  responsible  for  the 
high  effective  damping  constant  toward  the  end  of  the  strokes  in  Figures  5 
through  7* 

Table  3  compares  the  actual  model  longitudinal  spring  rates  and  preloads 
with  scaled  values  of  the  proposed  prototype  spring  rates  and  preloads. 


Test  Procedure 


The  desired  relative  velocity  between  the  Gemini  and  target  vehicle  at 
the  onset  of  mooring  for  each  run  was  attained  by  swinging  each  model  as  a 
pendulum  from  a  predetermined  pull-back  distance.  This  was  possible  because 
of  the  small  amount  of  static  friction  in  each  suspension  system.  This 
break-cut  force  was  measured  several  times  during  the  test  and  was  confined 
to  the  range  indicated  by  the  cross-hatched  areas  in  Figure  4.  The  maximum 
centripetal  force  which  each  suspension  system  had  to  exert  on  its  model  during 
the  swing  was  less  than  the  minimum  break-out  force  shown  in  Figure  4.  Under 
the  design  rules,  the  maximum  relative  translational  velocities  allowed  at 
mooring  are  1.5  feet  per  second  in  the  longitudinal  direction  and  .5  feet  per 
second  laterally.  By  dividing  these  velocities  equally  between  the  models, 
the  maximum  centripetal  force  required  was 


(2.19  slugs)  (.75  ft/ sec)2  + 
30  ft. 


=  .0416  lb. 


which  is  just  barely  less  than  the  minimum  break-out  force  of  .044  pounds. 

At  no  time  during  the  test,  however,  was  the  suspension  system  observed  to 
slip  while  swinging  the  model. 

As  shown  in  Figure  1,  the  models  were  rotated  9°  degrees  about  the  roll 
axis.  This  was  done  because  considerable  attention  was  to  be  given  collisions 
occurring  in  the  pitch  plane.  Ety  making  the  pitch  plane  horizontal,  the 
lateral  velocities  were  easily  worked  in  and  also  the  resulting  motion  required 
less  displacement  of  the  suspension  system. 

A  total  of  37  data  runs  were  made  with  various  combinations  of  initial 
relative  velocity  and  linear  and  angular  eccentricities  as  listed  in  Table  4. 
Although  this  was  not  the  situation  during  the  test,  the  analysis  is  simpli¬ 
fied  by  considering  the  Agena  target  vehicle  at  rest  and  having  no  linear  or 
angular  eccentricities.  The  quantities  given  in  Table  4  are  those  of  the 
Gemini  relative  to  the  target  vehicle.  The  sign  conventions  are  defined  in 
Figure  8.  In  general  the  lateral  components  of  velocity  were  always  directed 
so  as  to  increase  the  impact  loads.  The  pitch  or  yaw  eccentricities  were 
directed  so  as  to  move  the  Gemini’s  center  of  gravity  even  further  off  the 
Agena’s  longitudinal  axis  than  any  accompanying  linear  displacement  had. 

It  was  difficult  to  obtain  an  impact  on  the  exact  desired  spot  on  the 
mooring  cone.  Despite  the  fact  that  the  models  weighed  on  the  order  of  70 
pounds  apiece,  wind  currents  in  the  test  area  kept  them  from  settling  down. 

Even  very  snail  pitch  or  yaw  rates  would  influence  how  far  into  the  cone  the 
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Gemini  hit  because  of  the  cone’s  small  angle.  To  reduce  the  wind  currents, 
the  entire  model  test  area  was  enclosed  in  a  plastic  tent.  This  improved  the 
situation,  but  some  deviations  still  occurred.  Referring  to  Table  4,  the 
desired  distance,  4d,  was  either  0,  5,  15,  or  26  inches.  The  actual  distances 
as  determined  by  marks  on  the  cone  and  moving  picture  films  are  recorded. 


Analytical  Studies 


One  purpose  of  the  model,  test  was  to  determine  the  adequacy  of  the  mathe¬ 
matical  model  used  in  the  analytical  studies  of  the  mooring  problem.  Before 
discussing  the  results  of  the  model  test,  a  brief  description  of  these  studies 
will  be  given.  The  results  of  the  analytical,  studies  cam  then  be  included  in 
the  discussion  of  the  model  test  results. 

A  study  of  collisions  in  which  the  Gemini  initially  strikes  the  top  inner 
surface  of  the  mooring  cone,  0  =  0,  has  been  completed.  The  mathematical 
model  from  which  the  equations  of  motion  were  written  had  the  following  prop¬ 
erties: 

1.  The  Gemini  and  target  vehicle,  including  the  mooring  cone,  were 
considered  rigid  in  view  of  the  flexibility  of  the  shock  absorb¬ 
ing  system. 

2.  All  8  rigid  body  degrees  of  freedom  in  the  pitch  plane  were 
included. 

3»  The  shock  absorbing  system’s  kinematics  were  not  linearized  or 
otherwise  simplified. 

4.  Each  of  the  orifice  dampers  was  assumed  to  generate  a  force 
proportional  to  the  square  of  the  velocity  sensed. 

5*  Spring  preloads  were  included  and  the  springs  were  assumed  to 
generate  forces  proportional  to  displacement. 

6.  Kinetic  friction  forces  in  the  dampers  and  at  the  point  of 

contact  of  the  Gemini  with  the  mooring  cone  were  not  included. 

The  equations  of  motion  were  written  in  terms  of  generalized  coordinates. 
Referring  to  Figure  9,  the  8  generalized  coordinates  and  their  associated 
degrees  of  freedom  were: 

Agena  horizontal  translation. 

Agena  vertical  translation. 

Agena  pitch  rotation. 

Gemini  pitch  rotation. 

Gemini  translation  along  docking  cone. 

Mooring  cone  pitch  rotation. 

Bottom  longitudinal  damper  stroke. 

Bottom  longitudinal  damper  pitch  rotation. 


1 

$ 
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The  equations  of  motion  were  written  by  a  method  equivalent  to,  but  more 
convenient  than,  that  of  Lagrange  and  programmed  on  the  IBM  7094  digital  com¬ 
puter.  They  were  valid  from  the  time  the  Gemini  first  contacted  the  mooring 
cone  until  it  reached  the  hard  stops  at  the  bottom  of  the  cone.  The  general 
form  of  the  equations  of  motion  was 


The  Mjk  and  kl,  j  |  are  terms  derivable  from  the  mass  properties  of  the  system. 
The  Mjk  are  the  components  of  the  second  order  symmetric  inertia  tensor  and 
are  commonly  called  inertia  derivatives.  The  symbol  |  kl,  j  represents  a 
Christoff el  symbol  of  the  first  kind.  These  occur  because  the  non-linear 
motion  of  the  system  was  retained.  The  U<  are  potential  energy  terms  deriva¬ 
ble  from  the  springs  in  the  system.  Similarly,  the  are  dissipative  energy 
terms  derivable  from  the  dampers. 

At  time  zero  when  the  Gemini  had  just  made  contact  with  the  mooring  cone, 
the  proper  initial  values  of  the  generalized  coordinates  and  their  time  deriv¬ 
atives  had  to  be  supplied.  These  values  corresponded  to  known  cartesian  coor¬ 
dinate  values  of  each  vehicle's  initial  displacement  and  velocity.  But  be¬ 
cause  so  many  degrees  of  freedom  had  to  be  included  in  the  study,  kinematic 
equations  alone  were  not  enough  to  determine  all  16  of  these  unknown  quanti¬ 
ties.  It  was  necessary,  therefore,  to  write  additional  equations  expressing 
the  dynamic  equilibrium  of  the  mooring  cone  under  the  force  of  the  Gemini 
pushing  it  against  the  restraining  dampers  and  preloaded  springs.  These 
dynamic  equations  were  then  ultimately  written  as  two  lengthy  quadratic  equa¬ 
tions  in  two  unknown  generalized  coordinate  velocities  and  solved  by  graphical 
methods.  The  other  unknowns  were  then  determined  from  the  kinematic  equations. 

After  the  initial  values  were  determined  in  this  way,  the  equations  of 
motion  were  solved  on  the  computer  for  the  8  generalized  coordinate  accelera¬ 
tions.  These  were  then  assumed  constant  over  a  short  period  of  time  (on  the 
order  of  10“ 3  seconds)  and  integrated  to  find  the  new  velocities  and  dis¬ 
placements.  This  process  was  repeated  until  the  Gemini  reached  the  bottom 
of  the  mooring  cone. 

The  inertia  data  used  in  the  analytic  studies  corresponded  to  the  model 
data  with  the  exception  of  the  target  vehicle's  pitch  and  yaw  inertias.  The 
analytical  value  was  7.5  percent  lower  than  the  value  corresponding  to  the 
model.  The  dashed  curves  of  Figures  5,  6  and  7  define  the  damper  character¬ 
istics  used  in  the  studies.  The  analytic  spring  data  is  given  by  the  proto¬ 
type  values  in  Table  3* 

Even  this  study  of  special  plenar  collisions  was  very  complicated  to 
perform.  As  discussed  above,  just  the  determination  of  the  initial  conditions 
was  a  major  calculation.  The  extension  of  this  analytic  method  to  the  3- 
dimensional  case  would  have  been  far  too  complicated  to  be  practical.  This 
was  one  reason  the  decision  was  made  to  analyze  the  mooring  problem  through 
model  simulation.  Another  reason  was  that  even  where  analytic  methods  could 
reasonably  be  used  to  determine  loads  and  vehicle  response,  they  gave  no 
reliable  information  concerning  whether  latching  occurred. 


Test  Results 

Stability  of  Shock  Absorbing  Modes 

The  modes  of  collapse  of  the  shock  absorbing  system  were  observed  to  be 
stable  during  all  the  mooring  runs  made.  That  is,  in  every  case  the  mooring 
cone  had  to  stroke  at  least  some  of  the  dampers  and  springs  in  order  to  yield 
to  the  load  impressed  upon  it  by  the  Gemini.  No  side-slipping  or  other  un¬ 
desirable  modes  of  collapse  occurred.  This  property  of  stable  collapse  is 
primarily  determined  by  the  geometrical  arrangement  of  the  dampers  and  is  not 
as  easy  to  accomplish  as  may  seem.  An  earlier  design  was  discarded  by  the 
project  when  a  model  of  it  exhibited  an  unstable  mode  of  collapse. 


Maximum  Loads 

Cases  6  through  11,  18,  19,  23,  and  24  through  28  established  a  load  pro¬ 
file  along  the  length  of  the  mooring  cone  at  various  positions  around  the  cir¬ 
cumference  (See  Table  4).  These  maximum  loads  were  of  primary  importance  in 
determining  whether  the  structural  design  of  the  mooring  cone  was  adequate. 

On  the  top  side,  3  =  0,  and  on  the  bottom  side,  8  —  180  degrees,  of  the 
mooring  cone,  this  information  is  fairly  complete .  At  the  intermediate 
positions,  8  -  30,  90,  and  150  degrees,  only  the  load  at  the  edge  of  tie 
cone,  4d  =  26  inches,  was  determined.  No  runs  were  made  for  0  =  60  degrees 
because  this  position  is  midway  between  two  sets  of  dampers  like  the  0  —  180 
degree  position.  Similarly,  the  120  degree  position  is  directly  over  a  damper 
set  like  the  0  =  0  position. 

Figure  10  summarizes  the  maximum  loads  obtained  for  Cases  6  through  11 
in  which  the  Gemini  impacted  at  various  distances  along  the  top  side  of  the 
cone.  The  loads  were  determined  from  the  vertical  and  longitudinal  acceler¬ 
ation  data  for  each  model,  the  side  acceleration  being  zero  as  would  be 
expected  for  a  symmetric  collision  over  the  roll  slot.  The  loads  are  presented 
as  full  scale  values,  as  will  all  test  results,  to  permit  direct  comparison 
with  the  analytically  computed  values. 

The  lowest  set  of  curves  in  Figure  10  corresponds  to  the  cases  in  which 
the  Gemini  had  no  relative  vertical  component  of  velocity  to  the  target  vehi¬ 
cle,  but  only  a  longitudinal  component  of  1.5  feet  per  second.  The  model 
test  results  and  the  analytic  results  are  consistent  for  impacts  at  7  end  15 
inches  up  the  cone,  considering  that  the  analytic  top  angled  longitudinal 
damping  constant  was  (ll/7  ~)  1*57  times  that  of  the  model’s  and  the  analytic 
lateral  damping  constant  was  (9*6/8  =)  1.2  times  the  model’s  (See  Figures  5 
and  6).  These  maximum  loads  on  the  cone  occur  at  the  beginning  of  the  impact 
and  therefore  are  functions  of  the  initial  damping  constants  only. 

While  the  loads  at  7  and  15  inches  are  consistent  with  the  predicted 
values,  the  load  at  26  inches  up  the  cone  is  ever  twice  the  expected  value. 

This  is  due  to  the  roll  slot  which  is  quite  vide  at  the  edge  of  the  cone  (See 
Figure  2).  The  motion  picture  films  confirm  that  the  Gemini  hit  on  the  ex¬ 
treme  edge  of  the  cone  and  momentarily  wedged  itself  into  the  roll  slot  before 
sliding  down.  This  wedging  motion  caused  a  sharp  increase  in  the  longitudinal 
component  of  acceleration  of  each  vehicle.  The  roll  slot  was  ignored  in  the 
analytic  studies  and  the  load  data  indicates  this  was  &  reasonable  approxi¬ 
mation  over  most  of  the  cone  length.  For  example,  there  is  good  agreement  in 
Case  11  in  which  the  Gemini  impacted  23  inches  up  the  cone  with  a  relative 
longitudinal  component  of  velocity  of  1.5  feet  per  second  and  a  vertical 
component  of  .5  feet  per  second. 

Of  the  other  two  points  on  the  model  load  curve  corresponding  to  V  =  .5 
feet  per  second,  the  load  at  15  inches  shows  good  agreement  while  the  one  at 
5  inches,  Case  9,  does  not.  The  films  and  side  ac  elenaaeter  data  of  Case  9 
show  that  the  Gemini  did  not  hit  the  top  of  the  m c.  ne  as  intended, 
but  the  left  side.  The  force  as  calculat'd  from  the  vertical  and  longitudinal 
accelerations  was  consequently  too  low.  If  the  side  component  is  included  in 
computing  the  force,  a  value  of  290  pounds  is  obtained,  which  is  close  to  the 
force  expected  on  the  top  side. 

The  highest  dashed  curve  of  Figure  10  gives  the  analytically  computed 
loads  for  the  Gemini  impacting  with  a  relative  pitch  rate  of  2  degrees  per 
second  in  addition  to  the  maximum  longitudinal  and  vertical  components  of 
velocity.  No  model  data  of  this  type  was  acquired.  The  agreement  between 
analytic  and  model  loads  for  the  other  types  of  impacts  makes  this  data 
unnec<iKi»ury . 
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The  initial  loads  obtained  in  Cases  24  through  28  are  summarized  in 
Figure  11.  Here  the  Gemini  impacted  on  the  bottom  side  of  the  mooring  cone. 
The  general  shape  of  the  load  profiles  is  seen  to  be  the  same  as  that  on  the 
top  side  of  the  cone,  Figure  10.  However,  the  two  load  levels,  one  with  and 
one  without  the  vertical  component  of  velocity,  do  not  seem  consistent  with 
one  another.  One  would  expect  the  initial  load  to  be  primarily  dependent  on 
the  square  of  the  component  of  velocity  normal,  to  the  mooring  cone.  The 
addition  of  a  .5  foot  per  second  vertical  component  of  velocity  should 
therefore  increase  the  initial  load  by  a  factor  of  about  (I.21/.78)2  =*  2.37, 
as  shown  below. 


This  is  neglecting  the  effects  of  friction  and  the  small  spring  preloads. 

The  kinetic  friction  force  between  the  Gemini  nose  and  mooring  cone  is 
negligible  because  the  coefficient  of  friction  for  the  surfaces  in  contact 
is  less  than  .1.  Now  the  curves  of  Figure  10,  both  model  and  analytic,  are 
related  by  about  this  factor  of  2.37*  But  those  of  Figure  11,  apparently 
are  not.  It  is  expected  that  the  analytic  studies  of  this  side  of  the 
mooring  cone,  which  have  not  been  completed,  will  clarify  this  situation. 

The  loads  produced  at  the  intermediate  positions  of  6  ~  3°,  9°,  and  150 

degrees  were  172,  122,  and  127  pounds,  respectively.  The  90  and  150  degree 

impacts  occurred  at  a  distance  of  23  inches  up  the  cone  and  their  loads  are 
seen  to  fall  betveen  those  of  the  v9  =  0  and  0  =  l80  degree  impacts  av,  23 

inches.  The  Q  =  30  degree  impact  was  on  the  extreme  edge  of  the  cone  and 

the  load  was  close  to  that  obtained  at  6  —  0. 

All  of  the  loads  discussed  atxre  occurred  upon  initial  impact  of  the 
nose  of  the  Gemini  with  the  mooring  cone.  After  this  initial  impact,  a 
typical  sequence  took  place.  The  Gemini  slid  down  the  mooring  cone  a  short 
distance,  on  the  order  of  6  inches  full  scale,  before  separating  from  the 
cone  and  impacting  on  tlic  opposite  side.  Shortly  after  impacting  on  tills 
side,  it  collided  with  tlvc  hard  stops  at  the  base  of  the  mooring  cone. 

This  final  collision  accounted  for  the  greatest  part  of  the  energy 
dissipated  in  reducing  the  relative  velocity  of  the  two  vehicles  to  zero. 

Case  10,  in  which  the  Gemini  impacted  on  the  top  side  of  the  cone  at 
a  distance  of  15  inches  from  the  plane  of  the  hard  stops,  is  a  typical 
example  of  this  motion  as  shown  in  Figure  12.  The  solid  curve  shows  the 
magnitude  of  the  total  force  on  the  Gemini  as  a  function  of  time.  This  is 
the  same  magnitude  of  force  as  on  the  mooring  cone  and,  considering  that 
the  mass  of  the  mooring  cone  is  only  one  percent  of  the  mass  of  citlier 
vehicle,  this  force  is  also  impressed  on  the  Agena. 
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Over  the  first  part  of  the  collision,  while  the  nose  of  the  Gemini  is 
sliding  down  the  top  side  of  mooring  cone,  the  force  is  directed  essentially 
normal  to  the  cone.  At  .32  seconds  the  nose  and  cone  separate.  At  .48 
seconds  the  nose  impacts  on  the  bottom  side  of  the  cone  and  the  vertical 
component  of  force  now  acts  in  the  opposite  direction.  Shortly  after  this, 
at  .55  seconds,  the  nose  impacts  on  the  hard  stops  at  the  base  of  the  cone. 
The  force  now  acts  essentially  in  the  longitudinal  direction. 

The  dashed  line  in  Figure  12  shows  the  analytically  calculated  total 
force  between  vehicles.  A  comparison  of  peak  initial  forces  of  the  analytic 
and  model  curves  has  already  been  made  in  Figure  10  but  the  difference  in 
when  these  occur  should  be  noted.  In  the  analytic  studies  the  force  between 
vehicles  is  generated  instantaneously.  This  is  because  the  mathematical 
model  is  a  rigid,  kinematically  perfect  system.  Any  small  displacement  of 
the  cone  produces  a  definite  immediate  stroke  in  the  dampers.  At  time  zero 
the  nose  of  the  Gemini  and  the  mooring  cone  are  assumed  in  contact.  The 
cone  is  assumed  to  be  already  moving  compatibly  with  the  nose  and  thereby 
stroking  the  dampers  which  generate  the  force.  The  model,  however,  being 
a  physical  system,  has  an  elastically  deformable  mooring  cone  and  its  shock 
absorbing  system  is  not  kinematically  perfect  but  necessarily  contains  some 
looseness  in  its  fittings.  These  effects,  combined  with  the  compressibility 
of  the  fluid  in  the  dampers,  account  for  the  short  rise  time  of  the  model 
force  as  indicated  in  Figure  12. 

Case  10  is  also  typical  in  that  the  loads  which  occurred  on  the  hard 
stops  at  the  base  of  the  cone  were  higher  than  those  which  occurred  on  the 
sides.  Despite  this,  only  the  mooring  loads  on  the  sides  were  design  values 
for  the  cone.  This  is  because  the  mooring  loads  at  the  base  of  the  cone  are 
exceeded  by  the  loads  produced  there  during  maneuvering  after  the  vehicles 
have  been  rigidly  connected.  These  maneuvering  loads  together  with  the  loads 
produced  by  parachute  deployment  were  also  the  basic  design  values  for  the 
nose  section  of  the  Gemini.  Only  the  fiberglas  ring  on  the  leading  edge  of 
the  nose  was  designed  by  the  loads  produced  during  mooring. 

The  analytical  studies  show  that  a  peak  force  of  1870  pounds  could  be 
expected  in  a  perfect  head-on  collision  wherein  the  shock  absorbing  system 
collapses  symmetrically.  This  is  a  highly  unlikely  collision  as  efforts  in 
the  model  test  showed.  It  was  difficult  to  do  because  the  nose  of  the 
Gemini  had  to  impact  flush  on  all  three  hard  stops  simultaneously  without 
grazing  the  side  of  the  cone. 

The  maximum  force  produced  between  vehicles  in  the  model  test  was  1030 
pounds  in  Case  25,  although  several  cases  came  close  to  this.  This  is  only 
about  .14-7  g's  on  each  vehicle  and  is  indicative  of  how  small  the  loads 
associated  with  mooring  are. 

Contact  Times 

Figure  12  shows  that  in  Case  10  the  force  between  the  Gemini  and  mooring 
cone  diminished  to  zero  at  .32  seconds.  This  corresponded  to  the  Gemini's 
nose  separating  from  the  cone  surface.  The  analytic  force  curve  of  Case  10 
also  diminished  at  .32  seconds.  But  as  the  dashed  line  indicates,  the  force 
did  not  go  completely  to  zero.  That  is,  the  nose  did  not  separate  from  the 
cone  surface  in  the  mathematical  model.  Instead  of  separating,  the  nose 
grazed  down  the  cone  with  a  bearing  force  of  less  than  3  pounds  until  it 
reached  the  hard  stops  at  d  =  0.  This  motion  is  typical  of  all  the  cases 
analyzed.  This  is  the  most  striking  difference  between  the  physical  and 
mathematical  models;  the  physical  model  bounces,  the  mathematical  model  does 
not. 


At  first,  one  is  tempted  to  try  to  explain  this  discrepancy  by  the  fact 
that  the  mooring  cone  is  perfectly  rigid  in  the  analytic  studies,  but  not  so 
in  the  model.  Even  here,  however,  the  effect  of  cone  flexibility  is  negli¬ 
gible.  The  important  mechanism  in  determining  whether  the  nose  and  cone  will 
separate  is  the  speed  with  which  the  high  return  stroke  damping  mentioned 
earlier  is  introduced. 

In  the  analytic  studies  the  high  return  damping  value  of  50,000  lb.- 
sec.  /ft.  was  introduced  within  one  time  interval  of  integration  after  the 
initiation  of  the  return  stroke.  Almost  immediately,  then,  the  compressed 
longitudinal  springs,  which  otherwise  would  have  kicked  the  Gemini’s  nose  off 
the  cone  surface,  were  choked  off.  The  discontinuity  in  the  slope  of  the 
analytic  curve  in  Figure  12  near  .25  seconds  marks  the  point  at  which  the  top 
angled  longitudinal  dampers  began  their  return  stroke.  At  this  point  the 
force  between  vehicles  was  entirely  due  to  the  compressed  springs  in  the 
shock  absorbing  system.  This  force  was  then  quickly  reduced  to  less  than  3 
pounds  as  the  high  return  damping  became  effective.  During  this  time  the  top 
longitudinal  and  lateral  dampers  were  able  to  extend  only  .020  and  .017 
inches,  respectively,  making  the  collision  almost  perfectly  inelastic. 

The  dampers  constructed  for  the  model  test  were  intended  to  have  a 
correspondingly  high  return  stroke  damping  constant.  When  the  flow  reversed 
direction,  it  moved  a  ball  up  into  the  orifice  to  restrict  the  flow.  This 
simple  design,  which  was  desirable  in  view  of  the  small  size  of  the  model 
dampers,  was  not  very  effective  in  keeping  the  compressed  spring  from  rapidly 
returning  over  the  first  part  of  the  return  stroke.  The  ball  was  moved  into 
position  by  the  flow  too  slowly.  Consequently,  the  model  showed  bounce-cff 
effects  not  predicted  by  the  analytic  studies. 

The  speed  with  which  the  high  return  damping  was  introduced  in  the 
analytic  studies  was  rather  idealistic.  On  the  other  hand,  the  model  dampers 
showed  definite  room  for  improvement.  The  full  scale  dampers  have  a  more 
sophisticated  design  which  includes  a  spring-loaded  ball  to  insure  that  the 
flow  is  restricted  very  quickly  on  the  return  stroke. 

Disregarding  the  fact  that  the  model  test  and  analytic  studies  differ  as 
to  whether  the  nc^e  of  the  Gemini  separates  from  the  mooring  cone,  there  is 
reasonable  agreement  in  the  time  each  takes  for  the  force  between  nose  and 
cone  to  diminish.  Figure  13  shows  these  times  for  the  various  impacts  on 
the  top  side  of  the  cone.  Cases  6  through  11.  The  analytic  data  showed  no 
appreciable  difference  in  contact  time  for  impacts  with  V  =  0  and  V  =  .5  feet 
per  second.  Figure  14  shows  the  contact  times  for  Cases  2k  through  28,  in 
which  the  Gemini  initially  impacted  on  the  bottom  side  of  cone.  Figure  13 
seems  to  indicate  that  the  contact  times  should  be  longer  for  collisions  with 
V  =  0.  Contrary  to  this,  Figure  lk  shows  that  collisions  with  Vy  =  -.5  feet 
per  second  have  very  slightly  longer  contact  times.  These  different  trends 
from  top  to  bottom  of  the  cone  cannot  be  justified  and  probably  the  only 
thing  they  show  is  that  the  contact  time  is  not  very  dependent  on  Vy,  as 
indicated  in  the  analytic  studies. 

The  fact  that  different  damping  constants  were  used  in  the  model  and 
analytical  studies  is  not  too  important  in  comparing  the  contact  times. 

Studies  of  two  degrees  of  freedom  systems  with  a  spring  in  parallel  with  an 
orifice  damper  show  that  the  contact  time  varies  slowly  with  change  in 
damping  constant. 

Pitch  Rates 

As  the  nose  of  the  Gemini  slides  down  a  side  of  the  cone  during  the  first 
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phase  of  mooring,  the  two  vehicles  acquire  angular  rates  in  the  pitch  and  yaw 
planes.  These  rates  are  later  reduced  by  the  secondary  impact  on  the  opposite 
side  of  the  cone  and  therefore  represent  maximum  values. 

The  analytic  studies  of  collisions  on  the  top  side  of  the  cone  show  that 
the  change  in  the  Gemini's  pitch  rate  is  independent  of  the  parameter  d. 
Regardless  of  at  what  distance  on  the  top  side  it  impacts,  the  Gemini  always 
separates  at  the  same  pitch  late.  The  pitch  rate  of  the  target  vehicle, 
however,  increases  with  increasing  d  because  the  target  vehicle's  moment  arm 
is  longer  for  larger  values  of  d. 

Figures  15  and  l6  show  the  analytic  and  model  pitch  rates  of  the  Gemini 
and  Agena  for  Cases  6,  7,  8,  10,  and  11.  The  ordinate  of  Figure  15  gives  the 
change  in  the  Gemini's  pitch  rate  to  accommodate  the  analytic  studies  in  which 
the  Gemini  impacted  with  an  initial  i itch  rate  of  2  degrees  per  second.  After 
impacting  with  a  pitch  rate  of  2  degrees  per  second,  the  Gemini  separated  with 
a  pitch  rate  of  minus  2.2  degrees  per  second,  making  its  change  in  pitch  rate 
minus  4.2  degrees  per  second,  as  shewn. 

Figures  17  and  18  show  the  pitch  rates  acquired  by  the  vehicles  in  Cases 
24  through  28  in  which  the  Gemini  initially  impacted  on  the  bottom  side  of  the 
mooring  cone. 

The  angular  rates  acquired  by  the  vehicles  due  to  collisions  at  the  other 
positions  on  the  cone  were  not  significantly  different  from  those  at  the  0 
and  l80  degree  position.  For  example,  in  Case  19  the  yaw  rate  of  the  Gemini 
at  separation  from  the  cone  at  0  =  90  degrees  was  minus  2.56  degrees  per 
second. 

All  of  these  angular  rates  are  what  would  be  expected  in  free  collisions 
between  the  vehicles,  i.e.  with  the  stabilization  control  systems  of  the 
vehicles  not  operating.  Since  both  systems  will  be  active  during  mooring, 
their  effect  is  currently  being  studied  in  the  8  degree  of  freedom  analytic 
program. 

Boundaries  of  Vehicular  latching 

The  boundaries  of  misalignment  within  which  the  two  vehicles  automatically 
latched  were  of  special  interest  in  the  model  test.  The  design  criteria 
specifies  that  the  maximum  angle  permitted  between  the  longitudinal  axes  of 
the  vehicles  at  mooring  is  10  degrees  in  any  radial  direction.  This  is  in 
addition  to  any  linear  misalignment  as  long  as  the  nose  of  the  Gemini  is  in 
contact  with  the  inside  surface  of  the  cone,  i.e.,  d  <  26  inches.*  The 
limiting  relative  velocities  have  already  been  mentioned  as  being  1.5  and  .5 
feet  per  second  in  the  longitudinal  and  lateral  directions,  respectively. 

Table  4  summarises  under  what  conditions  latching  occurred.  In  the  last 
column  the  numbers  1,  2,  and  3  denote  which  of  the  latches  seated  into  the 
recesses  on  the  Gemini's  nose.  The  latch  numbers  are  defined  in  Figure  8. 

It  is  seen  that  for  any  9  position  on  the  rone,  and  in  the  absence  of' 
angular  eccentricities,  at  least  two  latches  seated  for  d  values  through  26 
inches.  This  was  true  regardless  of  whether  the  lateral  component  of 
velocity  was  present  or  not. 


At  the  0  =  0  position  and  for  d  =  2 6  inches,  the  vehicles  did  not  latch 
when  a  negative  pitch  angle  of  10  degrees  was  applied  to  the  Gemini  relative 
to  the  target  vehicle.  Two  latches  did  seat  at  a  pitch  angle  of  minus  8 
degrees,  however. 

At  0  =  90  degrees  and  d  =  26  inches,  the  boundary  was  established  at  a 
relative  yaw  angle  of  less  than  minus  4  degrees.  Similarly  at  0  =  l80 
degrees,  the  boundary  was  determined  to  be  between  4  and  6  degrees  of  relative 
pitch  angle. 

The  maximim  relative  roll  angle  permitted  between  vehicles  at  mooring  in 
the  design  criteria  is  10  degrees.  Vehicle  latching  occurred  at  this  maximum 
angle  in  the  absence  of  other  eccentricities.  It  also  occurred  at  this  angle 
even  when  d  =  26  inches  at  0  =  l80  degrees.  Case  35*  More  detail  concerning 
under  what  approach  conditions  latching  occurred  can  be  gotten  by  examination 
of  Table  4. 

All  of  these  angular  boundaries  for  latching  were  established  without  the 
aid  of  the  vehicles '  stabilization  systems .  In  the  actual  mooring  maneuver, 
these  systems  would  be  expected  to  improve  the  boundaries  of  latching. 


Summary  and  Conclusion 

The  l/4  scale  dynamic  model  mooring  test  has  effectively  simulated  the 
orbital  mooring  of  a  Gemini  spacecraft  with  an  Agena  booster.  The  orbital 
condition  of  the  vehicles  was  realistically  duplicated  by  special  suspension 
systems . 

The  model  confirmed  the  basic  design  of  the  full  scale  mooring  system; 
i.e.,  no  undesirable  modes  of  collapse  were  found;  the  mooring  loads  were 
within  the  design  values;  the  importance  of  high  return  stroke  damping  was 
demonstrated  by  the  excessive  bounce-off  characteristics  shown;  reasonable 
boundaries  of  free- body  latching  were  determined. 

In  addition  to  directly  confirming  the  full  scale  system  design,  the 
model  uncovered  a  feature  of  the  analytic  8  degree  of  freedom  program  which 
could  be  improved  in  the  future.  Because  of  its  importance  in  connection 
with  bounce-off,  a  more  realistic  time  interval  in  which  the  high  return 
stroke  damping  is  introduced  should  be  used. 


40Z 


■V/-.V.-VV 


.**V* 


*  *  *'  «*» 


AV 


& 


v\ 


YA 

YA 

«v« 


•\V 

•v' 


►V 

& 


E  2.  SHOCK-MOUNTED  DOCKING  CONE 


,-i?  XO'J  r«aci55s>  WS3>».‘ 


(LB.) 


I 


FIGURE  6.  DAMPING  CONSTANT  VS.  STROKE  -  TOP  ANGLED 
LONGITUDINAL  DAMPERS 


FIGURE  7.  DAMPING  CONSTANT  VS.  STROKE  -  BOTTOM 
LONGITUDINAL  DAMPERS 


FIGURE  17.  GEMINI  PITCH  RATE  AT  SEPARATION 
FROM  BOTTOM  SIDE  (6  =180°)  OF  MOORING  CONE 
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TABLE  I.  SCALE  FACTORS 


QUANTITY 

MODEL/PROTOTYPE 

ASSIGNED: 

LENGTH 

1/4 

TIME 

1/4 

MASS 

1/100 

DERIVED: 

VELOCITY 

1 

ACCELERATION 

4 

WEIGHT 

1/100 

SPRING  RATE 

4/25 

KINETIC  FRICTION 

1/25 

PRE-LOAD  FORCE 

1/25 

MOMENT  OF  INERTIA 

1/1600 

ANGULAR  VELOCITY 

4 

ANGULAR  ACCELERATION 

16 

VELOCITY-SQUARED  DAMP.  CONSTANT 

1/25 

TABLE  2.INERTIA  DATA 


QUANTITY 

MODEL 

PROTOTYPE  | 

GEMINI 

AGENA 

GEMINI 

AGENA 

MASS  (SLUGS) 

_ 

2.19 

219. 

PITCH  INERTIA  (SLUG-FT.2) 

2.54 

5.62 

4060. 

9000. 

YAW  INERTIA  (SLUG-FT.2) 

2.54 

5.62 

4060. 

9000. 

ROLL  INERTIA  (SLUG-FT.2) 

.782 

.16 

1250. 

256. 

TABLE  3.  SPRING  DATA 


MODEL 

PROTOTYPE  j 

SPRING 

SPRING  RATE 
(LB./FT.) 

PRELOAD 

(LB.) 

SPRING  RATE 
(LB./FT.) 

PRELOAD 

(LB.) 

TOP  ANGLED  LONGITUDINAL 

58.0 

.52 

375. 

13.75 

BOTTOM  LONGITUDINAL 

47.4 

.65 

300. 

20.00 

jkOd 


$5 
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TABLE  4.TEST  CONFIGURATION  SUMMARY 


DYNAMIC  MODELING  OF  FUEL  SLOSH 


E.  D.  Calkin 
C.  K.  Webb 

Douglas  Aircraft  Compu  *y,  Inc. 


ABSTRACT 


The  mathematical  development  of  an  equivalent  spring  mass  model  is  given, 
along  with  necessary  assumptions,  for  two  specific  cases:  that  of  the  right  circular 
cylinder,  and  the  sphere.  The  approaches  to  a  definition  of  the  properties  of  tanks 
with  approximately  these  shapes  (the  Saturn  S-IV  liquid  hydrogen  and  liquid  oxygen 
tanks)  in  terms  of  these  simple  shapes  are  then  shown.  The  results  of  extensive 
testing  of  scale  models  of  the  tanks  with  liquids  are  then  used  to  define  the  most 
suitable  approach.  Scaling  parameters  include  damping  as  well  as  geometric 
scaling.  A  short  discussion  of  the  properties  of  damping  baffles  shows  that  im¬ 
portant  effects  other  than  damping  are  sometimes  introduced. 
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IONAMIC  MODELINC-  OF  FUEL  SLOSH 
E.  D.  Calkin  C.  K.  Webb 
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DISCUSSION 


Sloshing  has  been  a  recognized  and  serious  problem  since  the  first 
Jupiter  failure.  The  advent  of  even  larger  boosters  emphasized  the  problem 
and  made  it  mandatory  to  include  sloshing  parameters  as  part  of  the  design 
criteria.  Analytical  basis  for  many  of  the  sloshing  phenomena  vere  not 
available  and  had  to  be  developed.  Those  missile  tanks  which  were  of  class 
configuration  (i.e. ,  cylindrical  or  spherical)  became  fewer  with  each  desig 
and  odd  shapes  which  would  conform  more  easily  to  the  mission  and  structure 
requirements  became  the  order  of  the  day. 

Solutions  for  the  dynamic  response  of  the  liquid  in  a  cylindrical  tan! 
were  developed  early  because  this  was  the  most  common  type  of  tank  used  anc 
because  closed  form  solutions  existed.  When  spherical  tanks  began  to  be 
used  many  attempts  were  made  to  analytically  determine  the  response  of  a 
liquid  in  them.  These  efforts,  until  recently,  1  were  unsuccessful  except 
in.  certain  special  cases.  More  and  more  the  tanks  used  in  large  boosters 
deviated  from  these  standard  forms.  Analytical  solutions  became  increasin, 
ly  difficult  if  not  impossible. 


Now  it  became  necessary  to  determine,  in  some  other  way,  the  response 
of  the  liquids  in  these  tanks.  Experiments  using  full  scale  models  were 
both  costly  and  in  some  cases  not  practical  from  a  scheduling  viewpoint. 
Models  and  model  testing  seemed  to  be  the  only  answer. 


This  paper  will  discuss  the  methods  of  testing  and  measurements  as 
well  as  some  of  the  more  interesting  conclusions  reached  in  the  testing 
programs  conducted  for  the  Douglas  Thor  and  Saturn  space  vehicles.  Result 
of  some  of  the  testing  are  included  to  point  out  those  details  which  are 
most  important. 

TESTING 


The  testing  was  conducted  in  three  phases:  a)  checks  of  frequency  a- 
various  fluid  levels,  b)  checks  of  damping  at  various  fluid  levels,  and 
3)  in  the  case  of  the  Saturn  lox  tank,  a  check  of  the  computed  values  of 
the  fixed  mass  of  the  mathematical  model. 
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The  purpose  behind  all  testing  vas  to  in  some  manner  either  prove  or 
disprove  the  correctness  of  the  mathematical  model  which  had  been  used  in 
the  analysis  and  design  of  the  vehicle.  Damping  values  were  determined  for 
both  the  baffled  and  unbaffled  lex  tank.  Scaling  parameters  for  the  models 
were  determined  and  applied  to  the  full  scale  tanks. 

The  three  tank  shapes  used  in  the  tests  are  shown  in  Figure  1  below. 
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Figure  1.  Thor  Tank,  Saturn  lox  Tank,  and  Saturn  Fuel  Tank  Shapes  Used 
in  Tests 


Tank  l)a  is  the  basis  Thor  tank,  l)b  is  the  Saturn  lox  tank,  l)c  is 
the  Saturn  fuel  tank.  Baffles  are  shown  in  their  positions. 
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DATA.  MEASUREMENT 


The  force  signal  vas  generated  by  a  standard  strain  gauge  network 
while  the  acceleration  signal  was  produced  using  Statham  oil  bath 
accelerometers.  The  slosh  height  signal  was  generated  using  a  capacitance 
bridge  which  was  saturated  with  a  400  cycle  carrier  signal. 

All  signals  were  then  fed  through  sine -cosine  pots  which  were  turning 
synchronously  with  the  pot  which  input  the  signal  to  the  drive  mechanism. 

The  pots  acted  as  sine-squared  filters  to  produce  a  signal,  biased  one  half 
the  basic  sine  wave  magnitude  with  a  double  frequency  wave  super-imposed  upon 
it.  This  signal  was  then  fed  into  a  long  time  constant  integrating  amplifier 
with  a  limiting  ratio  of  one.  The  output  of  the  amplifier  was  read  on 
ammeters  which  had  been  calibrated  to  read  input  voltage.  The  entire  net¬ 
work  was  calibrated  as  a  unit  to  reduce  the  errors  inherent  in  each  of 
the  parts. 

Damping  values  were  obtained  by  recording  the  output  of  the  signal 
amplifiers  before  the  sine  cosine  pots  and  also  by  recording  the  output 
of  the  integrating  amplifiers .  Slosh  height  input  was  accomplished  by 
driving  at  the  natural  frequency  and  also  by  putting  in  step  functions. 

In  all  cases  a  constant  displacement  input  was  used  to  determine  the  re¬ 
sponse.  Force  and  acceleration  values  necessary  to  evaluate  the  properties 
of  the  fixed  mass  in  the  mathematical  model  were  read  from  the  meters. 

RESULTS 

As  seen  in  the  frequency  plots  the  experimental  values  matched  the 
calculated  values  very  well.  In  the  case  of  the  Saturn  fuel  tank  an 
empirical  iormula  was  derived  which  made  the  calculated  values  in  the 
upper  end  of  the  tank  coincide  with  the  experimental  values  within  one  per¬ 
cent.  This  function  was  developed  on  the  assumption  that  the  frequency 
calculated  at  the  dimetrical  plane  of  the  dome  and  the  experimental 
frequency  were  identical.  On  this  assumption  the  fonmila  is  list  below. 
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y  =  weight  from  center  of  plane 
r  =  radius  of  sphere 

a  =l/2  diameter  of  free  'surface 

h  =  total  height  of  equivalent  cylinder 
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The  damping  values  obtained  for  the  Thor  tanks  were  checked  using  models 
of  several  geometric  scaling  ratios  and  it  was  found  that  size  had  little  to 
do  with  damping  values  obtained  from  baffles  as  long  as  the  relative  size  of 
the  baffle  and  the  tank  remained  the  same.  The  values  for  the  unbaffled  tank, 
however,  followed  the  scaling  parameters  developed  in  reference  6. 

The  tests  to  obtain  the  characteristics  of  the  analytical  model  by 
experiment  showed  that  in  the  case  of  extensive  baffling  as  in  the  Saturn 
lox  tank  it  could  not  be  assumed  that  the  baffle  introduced  only  damping. 
Results  showed  that  apparent  changes  in  tank  configuration  resulted  along 
with  a  significant  change  in  the  response  of  the  liquid.  Liquid  outside  the 
baffle,  even  though  the  baffle  was  perforated,  was  quite  divorced  in  motion 
from  liquid  inside  the  baffle.  Additional  resonant  frequencies  were  introduc¬ 
ed  and  force  response  and  slosh  height  response  peaked  out  at  different 
frequencies.  The  values  of  the  fixed  mass  of  the  mathematical  model  were 
within  10$  of  the  values  predicted  for  the  unbaffled  case. 

The  response  of  the  slosh  network  while  operating  with  the  fluid  in  the 
dome  of  the  Saturn  lox  tank  showed  an  apparent  shift  of  the  free  surface 
fluid  level  during  the  forced  oscillation  runs.  This  phenomena  was  later 
supported  analytically .9  Due  to  the  curvature  of  the  tank  the  fluid  at  any 
point  other  than'  the  center  of  the  tank  will  reach  a  higher  point  on  the  rise 
than  j.t  does  on  the  downward  side  of  the  original  free  surface  level  making 
the  instruments  show  an  apparent  shift  of  the  free  surface  level. 

The  total  results  showed  that  it  was  possible  to  obtain  data  from 
testing  which,  in  the  case  of  the  simpler  models,  agreed  with  analytical  data 
and  which  could  be  successfully  scaled  to  give  the  characteristics  of  full 
scale  vehicles.  Certain  errors  in  the  analytical  models  chosen  for  the  more 
complicated  models  were  also  brought  to  light.  The  net  results  of  the  test¬ 
ing  conducted  at  Douglas  Aircraft  Company  were  in  support  of  the  analytical 
work  and  suggested  that  for  future  vehicles  model  testing  was  necessary  for 
those  configurations  with  propellant  tanks  deviating  radically  from  the 
cylindrical  of  spherical  shapes. 
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Figure  2  shovs  a  plot  of  frequency  versus  fluid  height,  both  analytical 
and  experimental,  for  the  Thor  tanks .  The  analytical  model  is  developed  in 
reference  3. 


Figure  5  shows  a  plot  of  frequency  versus  fluid  level  in  the  Saturn 
lox  tank.  Development  of  the  analytical  model  is  given  in  reference  2. 


Figure  k  shove  a  plot  of  frequency  versus  fluid  level  in  the  Saturn 
fuel  tank.  Development  of  the  analytical  model  is  given  in  reference  2 


Damping  curves  are  shown  in  Figure  5  for  the  Saturn  lox  tank  and  in 
Figure  6  for  the  Thor  tank.  Since  the  Saturn  fuel  tank  had  no  baffles 
the  figures  for  the  uribaffled  Thor  tank  were  assumed  on  the  basis  of  the 
scaling  parameters  developed  in  reference  6. 
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Figure  7  shows  a  schematic  of  the  test  setup.  As  shown,  the  tanks 
were  supported  in  pendulum  fashion  with  provisions  for  changing  the 
pendulum  am.  The  actuating  mechanism  was  a  Thor  hydraulic  actuator  and 
control  panel.  Provisions  were  made  to  drive  the  tanks  3inusoidly  and 
to  input  step  functions. 


Figure  ?•  Derivation  of  Force  to  Acceleration  Transfer  Junction 
for  Mechanical  Med1*1! 


Figures  8,  9,  and  10  shov  the  response  of  the  tank  and  fluid  as  a 
function  of  frequency.  The  figures  from  the  high  side  of  the  response  vere 
used  to  evaluate  the  following  equation  describing  the  response  of  the 
mathematical  model  at  high  frequencies: 

]  o 

I  =  -  f2  I  +  I+M  (L-Z  ) 

£  I*  0  0  0 

where  the  subscript  "o”  denotes  the  fluid  properties  as  shown  in  Figure  7. 


M 12736 


.1  4  S  6  / 

CYCltSPtNStCOND 

Figure  Free  to  Acceleration  Tr«nsrer  Function  TanV  Height 


Figure  Force  to  Aco*> V ration  Tr'»npfer  Function  T-n-.  '*i ght 


REFERENCES: 


1.  Chu,  Wen-Hva 


2.  Webb,  C.  K. 


3.  Anderson,  G.  W. 


k.  Anderson,  G.  W. 


5-  Anderson,  G.  W. 


6.  Davidson,  W.  R. 


7.  Him,  W.  T. 


8.  Ryan,  J.  F. 


9.  Webb,  C.  K. 

10.  Webb,  C.  K. 


"Liquid  Sloshing  in  a  Spherical  Tank 
Filled  to  an  Arbitrary  Depth"  Southwest 
Research  Institute  Technical  Report  No.  k 
Sw  RI  Project  No.  6-107=  -2 

"Slosh  Tests  of  Saturn  S-IV  Model  Tanks" 
Douglas  Aircraft  Co.,  Inc.  Report  SM  4U14-5, 
July  1,  1963 

"Slo.shing  Parameters  for  Cylindrical  Tanks" 
Douglas  Aircraft  Co.,  In.  Report  SM  37^77 > 
August  26,  1980 

"Saturn  Stage  S-IV  Slosh  Tests"  Douglas 
Aircraft  Co.,  Inc.  Technical  Memorandum 
L2729,  August  15,  1961 

"Saturn  S-IV  Sloshing  Investigation" 

Douglas  Aircraft  Co.,  Inc.  Memorandum 
G&C-M-875 

"Liquid  Hydrogen  Slosh  Test"-  Douglas  Aircraft 
Company  Inc.,  Report  SM- 38426,  January  6,  1961 

"Average  Experimental  Fuel  Tank  Damping  Curves" 
Douglas  Aircraft  Co.,  Inc.,  Memorandum  ACS-98 

"Propellant  Motion  Study  for  W-18" 

Douglas  Aircraft  Company,  Inc.  Memorandum 
A41-260-G&C-4 

"Slosh  Modes  in  the  S-IV  Lox  Tank" 

Douglas  Aircraft  Company,  Inc.,  Memorandum 
A2-260-S/G&C-N-185 

"Sloshing  Parameters  for  the  Saturn  S-IV 
Vehicle",  Douglas  Aircraft  Company,  Inc. 
Memorandum  A2-260-S/C&C-M-289 


430 


lrcrait 

craft  Corporation 
mnecticut 


LIST  OF  FIGURES 


Figure  Pa8e 

1.  Rotor  Test  Rig  in  UAC  18-foot  Wind  Tunnel  -  1954  Configuration  .  471 

2.  Sikorsky  Rotor  Test  Rig  with  Dynamic  Model  Blades .  472 

3.  Model  Blades  Tested .  473 

4.  Blade  Cross  Section  Shape  .  474 

5.  Main  Rotor  Blade  Assembly .  475 

6.  Dynamically  Scaled  Blade  -  Exploded  View . a .  476 

7.  Blade  Construction  Details .  477 

8.  Comparison  of  Blade  Mass  Distribution .  478 

9.  Comparison  of  Model  &  Prototype  Physical  Properties .  479 

10-  Bonding  Jig . 480 

11.  Jigs  8t  Components  used  in  Construction  of  Spar .  481 

12.  Blade  in  Jig  Ready  for  Bonding  . .  482 

13.  Chemical  Balance  used  in  Weighing  Components  of  Blade  .  483 

14.  Determination  of  Counterweight  Size .  484 

15.  Torsional  Creep  Test .  485 

16.  Twist  Jig  . 486 

17.  Components  &  Jigs  used  in  Construction  of  Pockets .  487 

18.  HRTR  Rotor  Head  St  Control  System . 48S 

19.  Blade  Root  End  Instrumentation .  489 


20.  Comparison  of  Model  and  Full  Scale  Rotor  Blade  Natural  Frequencies  490 

21.  Comparison  erf  Stresses  Recorded  in  Flight  and  on  .Scale  Model  Blade  491 

492 


22.  Sikorsky  Tail  Rotor  lest  Stand 


Figure  Page 

23.  Experimental  Dynamic  Blade  Twist  in  Hovering .  493 

24.  Range  of  Operating  Conditions  .  . .  494 

25.  Typical  Theoretical  Rotor  Performance . 495-497 

26.  Typical  Experimental  Rotor  Performance . 498-500 

27.  Comparison  of  Theoretical  and  Experimental  Rotor  Performance  .  .  501 

28.  Repeatibility  of  Experimental  Data .  502 

29.  Effect  of  Advancing  Tip  Mach  Number  on  Power  Loading .  503 

30.  Effect  of  Rotor  Lift  and  Propulsive  Force  on  Vibratory  Blade  Stress .  504 

31.  Artist's  Sketch  of  Compound  Helicopter  . .  505 

32.  Details  of  1/18  scale  Model  Blade  Construction . 506 

33.  Comparison  of  Theoretical  &  Experimental  Operating  Boundaries  •  •  507 


433 


SYMBOLS 


speed  of  sound 
number  of  blades 

rotor  drag  coefficient,  D/tt  R^p  (&R)2 
rotor  lift  coefficient,  L/7T  r2/o  (,QR)2 
rotor  torque  coefficient,  QJir  R^p  (I2R)2r 
blade  chord 
rotor  drag 

aircraft  parasite  drag 

modulus  of  elasticity  in  bending 

parasite  area,  Dp/l/2 p 

modulus  of  elasticity  in  shear 

acceleration  due  to  gravity 

rotor  horsepower  per  pound  of  lift 

area  moment  of  inertia  in  atwise  bending 

area  moment  of  inertia  in  edgewise  bending 

area  moment  of  inertia  in  torsion 

rotor  lift 

Mach  number 

rotor  tip  Mach  number 

advancing  blade  tip  Mach  number 

total  blade  mass 

mass  per  unit  length 


Q 

R 

r 

V 

x 

a 

% 

e.  75R 

H- 

H-& 

P 

<j 

a 


rotor  torque 
rotor  radius 
local  radius  station 
forward  speed 

distance  from  leading  edge  to  elastic  axis 

angle  of  attack  of  rotor  control  axis 

blade  twist,  difference  between  root  and  tip  pitch  values, 
negative  when  tip  pitch  is  less  than  root  pitch 

rotor  collective  pitch  measured  at  three  quarters 
radius  stafion 

rotor  advance  ratio,  V/&  R 

viscosity  of  air 

air  mass  density 

rotor  solidity,  bc/7T  R 

rotor  angular  velocity 


\ 


t 

i 

k 

i 

if 


< 

» 


i 


! 


i 

« 


I 


435 


ASD-TDR-63-4197,  PART  I 


DEVELOPMENT  OF  DYNAMIC  MODEL  ROTOR  BLADES  FOR 
HIGH  SPEED  HELICOPTER  RESEARCH 


Evan  A.  Fradenburgh 
Edmond  F.  Kiely 


INTRODUCTION  | 

a 

Theoretical  methods  for  predicting  helicopter  rotor  character-  \\ 

istics  are  well  established  in  certain  flight  regimes,  such  as  hovering  and 
moderate  forward  speeds  (~  100  knots).  In  other  flight  regimes,  such  as 
at  high  forward  speeds  (above  200  knots)  or  at  low  forward  speeds  (10-50  s 

knots)  theoretical  methods  are  not  presently  adequate  for  accurately  pre-  1 

dieting  characteristics,  including  performance,  blade  motions,  and,  to  a  ? 

greater  extent,  the  vibratory  airloads  that  exist  on  the  blade.  These  H 

vibratory  airloads  are  of  particular  importance  since  they  determine,  for  3 

a  given  set  of  blade  structural  characteristics,  the  vibratory  force  inputs  3 

to  the  fuselage  and  vibratory  stresses  in  the  blade  which  in  turn  determine  ' 

the  useful  fatigue  life.  Because  of  the  present  gaps  in  theory,  it  is  necessary  ? 

to  rely  on  experimental  techniques  for  determining  rotor  characteristics  for  i 

two  purposes:  (1)  for  predicting  full  scale  rotor  behavior  for  specific  heli-  \ 

copter  applications  in  unfamiliar  flight  regimes  where  theory  is  inadequate,  ‘i 

and  (2)  for  correlation  of  experiment  with  new  theories  in  order  to  close  the  3 

gaps  by  establishing  the  validity  of  the  new  theories.  The  second  of  these  j 

purposes  is  generally  of  greater  fundamental  significance. 

* 

It  is  shown  in  this  paper  that  to  obtain  realistic  experimental  wind  J! 

tunnel  data  on  rotor  characteristics,  it  is  necessary  to  test  blades  dynamically  t 

similar  to  full  scale  blades.  The  paper  outlines  the  development  history  of 
dynamic  model  blades  at  Sikorsky  and  some  of  the  useful  test  results  obtained.  ] 

i 


NEED  FOR  DYNAMIC  MODEL  BLADES 


Wind  tunnel  testing  of  model  rotor  blades  was  commenced  by 
Sikorsky  Aircraft  in  1954  with  the  equipment  shown  in  figure  1.  The 
rotor  test  rig,  installed  in  the  United  Aircraft  18-foot  subsonic  wind 
tunnel,  was  comprised  of  an  electric  drive  motor  system,  shaft,  rotor 
head,  and  swash  plate  system  with  electric  actuators  for  controlling 
collective  and  cyclic  pitch  angles,  combined  with  slip  rings  and  a  strain 
gage  force  balance  system.  The  overall  assembly  of  these  components 
was  enclosed  in  a  horizontally  oriented  pod  supported  by  tubular  legs 
mounted  on  the  wind  tunnel  turntable  which  was  used  to  change  shaft 
angle  of  attack.  The  first  rotor  blade  set  tested  on  this  rig  was  an  early- 
production  tail  rotor  from  a  Sikorsky  S-58  (Army  H-34,  Navy  HSS-1) 
helicopter  with  a  diameter  of  9  feet  4  inches.  Subsequently  an  improved 
tail  rotor  type  configuration  was  adopted,  with  superior  structural 
characteristics  and  a  diameter  increased  to  10  feet.  This  rotor  system 
was  semi-articulated,  that  is,  incorporated  hinges  near  the  center  of 
rotation  to  allow  unrestrained  flapping  motion  of  the  blades,  but  without 
lag  hinges  that  would  permit  blade  motion  in  the  plane  of  rotation.  Helicopter 
main  rotors  are  commonly  fully  articulated  with  both  flapping  and  lagging 
hinges  at  the  root  end  of  each  blade.  The  lag  hinge  was  not  incorporated  on 
the  model  because  a  design  study  indicated  that  the  required  bearing  sizes 
would  have  resulted  in  an  unrealistically  large  rotor  head,  and  it  was  felt 
that  the  lack  of  the  lag  hinge  would  not  affect  measured  performance  to  an 
appreciable  extent. 

Early  test  programs  were  aimed  primarily  at  performance 
measurements  in  the  high  speed  flight  regime.  These  efforts  were  largely 
frustrated  by  three  major  limitations  of  the  available  models  and  equipment. 
The  first  of  these  limitations  (neglecting  early  mechanical  problems 
associated  with  the  rotor  test  rig  operation)  was  that  of  obtaining  suitable 
balance  accuracy.  Measurement  of  rotor  thrust  and  torque  was  not  unusually 
difficult  but  the  determination  of  force  components  perpendicular  to  the  shaft 
to  the  required  degree  of  accuracy,  essential  to  the  measurement  of  rotor 
drag  or  propulsive  force,  turned  out  to  be  exceedingly  difficult  because  of  the 
small  steady  forces  compared  to  the  large  vibratory  forces.  Refinement  of 
the  balance  system  and  mechanical  operation  of  the  rig  required  a  period  of 
several  years  before  suitably  repeatable  and  reliable  test  data  could  be 
obtained. 

The  second  limitation  encountered  was  that  of  aerodynamic  inter¬ 
ference  between  the  rotor  and  the  rather  sizeable  pod  which  housed  the 
mechanical  system  of  the  rig.  This  interference  affected  blade  flapping 
motion  as  well  as  rotor  forces  and  moments.  Despite  a  concentrated  attempt 
to  evaluate  these  interference  effects,  both  analytically  and  experimentally 
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with  image- system  tests,  it  was  not  found  to  be  possible  to  correct  adequately 
for  these  effects,  which  were  very  sizeable  at  the  higher  advance  ratios 
(ratio  of  forward  speed  to  rotor  tip  speed).  The  solution  to  the  problem  was 
a  mechanical  change  involving  a  shaft  extension  to  effectively  remove  the 
rotor  from  the  pod,  thereby  largely  eliminating  the  interference  effects.  A 
more  recent  photograph  of  the  rotor  test  rig,  figure  2,  shows  this  shaft 
extension. 

The  third  major  limitation  to  the  early  test  programs  was  associated 
with  the  test  rotors  themselves.  It  was  found  that  in  general  the  permissable 
operating  conditions  were  severely  restricted  at  high  simulated  forward 
speeds  because  of  excessive  vibratory  stresses.  This  was  true  both  with  the 
relatively  low  aspect  ratio  all-metal  tail  rotor  blades  used  initially,  and 
later  with  high  aspect  ratio  blades  simulating  main  rotor  practice,  fabricated 
of  a  composite  wood  and  metal  structure.  The  higher  aspect  ratio  blades 
were  built  with  a  solid  aluminum  spar  at  the  leading  edge  combined  with  a 
trailing  edge  utilizing  wood  ribs  and  a  thin  plywood  skin  bonded  to  the  spar. 
Early  tests  of  this  type  blade  were  encouraging,  and  several  series  of  blades 
were  built  with  this  construction  to  determine  experimentally  the  effects  of 
blade  twist  and  also  the  effects  of  blade  planform  taper.  Ultimately,  however, 
complete  comparisons  of  the  various  types  were  not  possible  because  of  the 
limited  range  of  conditions  at  which  test  data  could  be  obtained.  Numerous 
blade  trailing  edge  structural  failures  were  encountered  despite  various 
metal  chordwise  straps  and  trailing  edge  strios  added  to  reinforce  the  plywood. 
Still  another  type  of  blade  construction,  utilizing  fiberglass-plastic  materials, 
was  similarly  limited  in  operating  range.  Some  of  the  various  model  blades 
of  somewhat  arbitrary  structure  as  well  as  a  more  recent  dynamic  model 
blade  are  shown  in  figure  3. 

Interestingly,  many  of  the  operating  limitations  and  structural 
failures  encountered  with  the  model  blades  were  similar  in  nature  to  those 
encountered  by  Sikorsky  blade  development  engineers  in  the  early  days  of  the 
helicopter.  Rotor  blades  were  evolved  over  many  years  to  avoid  the  limitations 
of  the  early  types,  and  it  became  apparent  that  one  approach  to  building  a  model 
blade  with  a  greater  operating  range  was  to  take  advantage ‘of  full  scale  blade 
experience  and  copy  the  full  scale  structural  design.  This  was  one  good 
reason  for  the  development  of  a  model  blade  dynamically  similar  to  full  scale 
blades. 


The  compelling  reason,  however,  for  the  development  of  a  dynamic 
model  blade  lies  in  the  fact  that,  in  practice,  vibration  and  excessive  vibratory 
stresses  limit  the  operating  condition  of  a  rotor  on  a  helicopter.  The  forward 
speed  capability  of  a  pure  helicopter  is  limited  by  the  phenomenon  of  retreating 
blade  stall.  This  stall  results  from  the  fact  that  as  forward  speed  of  the 
helicopter  is  increased,  the  dynamic  pressures  encountered  by  the  blade  on 
the  "retreating"  half  of  the  disk  are  reduced,  so  that  higher  blade  angles  of 
attack  are  required  to  keep  the  lift  balanced  on  the  two  sides.  At  some 


forward  speed,  depending  on  tip  speed,  blade  loading,  etc. ,  ma'dmum  blade 
lift  coefficients  are  attained  and  athigher  speeds,  blade  section  stall  is 
encountered  over  a  portion  of  the  disk.  The  rotor  aerodynamic  performance 
suffers  as  might  be  expected,  but  not  drastically  until  a  large  percentage  of 
the  disk  is  stalled.  The  phenomenon  of  stall  is  revealed  to  the  pilot  by  an 
increase  in  aircraft  vibration  level  or  by  increases  in  control  system  loads 
resulting  from  blade  torsional  moments.  Thus  it  is  rotor  dynamic  behavior 
which  determines  if  a  given  flight  condition  is  an  acceptable  one.  Similarly, 
if  it  is  known  through  strain  gage  measurements  that  rotor  blade  vibratory 
stresses  are  considerably  in  excess  of  safe  values,  then  the  operating 
condition  would  be  deemed  unacceptable  for  protracted  flight,  even  if  rotor 
stall  does  not  occur.  Again,  blade  dynamic  behavior  is  the  critical  factor. 
Thus  while  experimental  results  obtained  on  a  model  blade  of  arbitrary 
structural  characteristics  might  have  some  value  with  respect  to  perfor¬ 
mance  measurements,  the  problem  of  establishing  acceptable  rotor 
operating  limits  in  forward  flight  can  be  determined  experimentally  only  with 
blades  having  a  reasonable  degree  of  dynamic  similarity  to  the  desired  full 
scale  blade.  Since  experience  has  shown  that  blade  flexibility  plays  an 
important  part  in  the  blade  behavior,  it  is  important,  that  elastic  effects  be 
properly  duplicated. 

Sikorsky  Aircraft  has,  for  the  past  several  years,  concentrated 
its  model  rotor  research  effort  on  the  development  and  evaluation  of  model 
blades  dynamically  similar  to  typical  full  scale  Sikorsky  main  rotor  blades , 
according  to  the  need  for  such  blades  outlined  above. 


SELECTION  OF  DESIGN  PARAMETERS  FOR 
FULL  SCALE  MACH  NUMBER  BLADE 


A  model  of  any  type  is  dynamically  similar  to  its  full  scale  counter¬ 
part  if  the  dimensionless  ratios  of  the  significant  dimensional  parameters 
including  dynamic  quantities  are  the  same  for  the  model  as  for  the  full  scale 
counterpart.  When  this  criterion  is  met,  the  performance  or  output  of  the 
mcdel,  also  expressed  in  appropriate  dimensionless  terms,  will  be  the  same 
as  for  the  full  scale  article.  Thi  wo?\i  "significant"  is  important,  however, 
since  it  is  generally  impossible  to  maintain  all  dimensionless  ratios  the 
same  as  full  scale  ,and  for  any  particular  problem  it  is  usually  necessary  to 
decide  which  variables  are  of  primary  importance  and  which  are  relatively 
negligible. 

Since  a  rotor  is  an  aerodynamic  device  it  is  of  course  necessary 
that  aerodynamic  similarity  be  achieved  in  a  dynamic  model.  Perfect  aero¬ 
dynamic  similarity  requires  that  the  flow  be  geometrically  similar  to  full 
scale  at  all  points  in  the  field  surrounding  the  model.  This  requires  that 
the  model  be  externally  geometrically  similar  to  full  scale,  and  also  requires 
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that  the  flow  Mach  numbers  and  Reynolds  numbers  be  the  same  as  full 
scale.  This  is  frequently  impossible  to  achieve  in  a  model,  but  fortunately 
under  many  circumstances  these  requirements  can  be  relaxed  considerably 
without  impairing  the  major  objectives  of  the  test. 

The  first  dynamic  model  blade  designed  by  Sikorsky  was  aimed 
partly  at  exploration  of  high  tip  speed,  high  forward  speed  flight  conditions 
at  which  the  maximum  air  velocity  relative  to  the  blade  approaches  the 
speed  of  sound.  Consequently,  it  was  considered  mandatory  that  full  scale 
Mach  numbers  be  reproduced  in  the  model.  Since  the  wind  tunnel  available 
for  the  tests  was  an  atmospheric  density  air  tunnel,  for  which  the  speed  of 
sound  was  essentially  the  same  as  for  normal  sea  level  conditions,  the 
requirement  for  full  scale  Mach  number  was  met  by  operating  at  full  scale 
tip  speeds  and  forward  speeds.  Reynolds  number  similarity  under  these 
conditions  cannot  be  achieved,  but  fortunately  the  relatively  small  changes 
in  aerodynamic  characteristics  due  to  the  reduced  Reynolds  numbers  of  the 
model  was  not  considered  detrimental  to  the  purposes  of  the  program. 


Dimensional  Parameters 


Listed  below  are  the  dimensional  parameters  considered  in  the 
design  of  the  model,  divided  into  those  of  primary  importance  and  those 
considered  to  be  of  secondary  importance  for  the  first  dynamic  model 
blade.  The  lists  are  by  no  means  exhaustive,  but  serve  to  illustrate  the 
most  important  items: 

Primary  Importance 


(1) 

V 

forward  speed,  ft/sec. 

(2) 

a 

speed  of  sound,  ft/sec. 

(3) 

a 

rotor  angular  velocity,  radians/scc. 

(4) 

R 

rotor  radius,  feet 

(5) 

c 

blade  chord,  feet 

(6) 

P 

air  mass  density, slugs/ft^. 

(7) 

m 

blade  mass  per  unit  length,  slugs/ft. 

(8) 

Mb 

total  blade  mass,  slugs 
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(9) 

(10) 
(11) 
(12) 


EIxx 
El 


yy 


GJ 


blade  flatwise  bending  stiffness,  pound-ft2. 
blade  edgewise  bending  stiffness,  pound-ft2. 
blade  torsional  stiffness,  pound-ft  . 
distance  between  elastic  axis  and  blade  leading  edge,  feet 
Secondary  Importance 

(13)  /xa  air  viscosity,  slug/ft-sec. 

(14)  g  acceleration  due  to  gravity,  ft/sec2. 

It  should  be  understood  that  some  of  the  parameters  listed,  such  as  chord, 
mass  per  unit  length,  and  stiffness  may  vary  along  the  length  of  the  blade. 
The  symbols  then  stand  for  distributions  rather  titan  single  numerical  values. 


Dimensionless  Ratios 


None  of  the  dimensional  items  listed  above  have  any  significance 
except  as  they  relate  to  other  parameters  or  combinations  of  parameters 
having  the  same  dimensional  units.  Accordingly,  dimensionless  ratios  of 
the  above  parameters  are  formed  somewhat  arbitrarily  as  follc-  vs,  making 
sure  that  each  dimensional  parameter  is  used  at  least  once  and  that,  if 
possible,  each  new  parameter  is  combined  only  with  parameters  previously 
used.  This  ensures  that  all  pertinent  dimensionless  ratios  will  be  found.  With 
the  three  fundamental  dimensions  involved  (mass,  length,  and  time)  the 
number  of  independent  dimensionless  ratios  will  be  three  less  than  the  number 
of  dimensional  parameters,  (in  the  following  list,  one  redundant  ratio  was 
intentionally  included'.  1 


Primary  Importance 


(1) 

V/flR 

rotor  advance  ratio,  ratio  of  forward  speed  to  rotor  tip 
speed 

(2) 

V/a 

flight  Mach  number 

(3) 

XZR/a 

tip  Mach  number 

(4) 

R/c 

blade  aspect  ratio 

(5) 

m/p  R2 

ratio  of  local  mean  rotor  density  to  air  density 

(6) 

(7) 

(8) 

(9) 

(10) 


Mb j  p  R^  ratio  of  total  mean  rotor  density  to  air  density 

EIxx/  p  ratio  of  flatwise  bending  elastic  forces  to 

aerodynamic  forces,  variant  of  Cauchy  number 


Elyy/EIxx 
GJ/EIXX 
X  /c 


ratio  of  edgewise  to  flatwise  bending  stiffness 
ratio  of  torsion  to  flatwise  bending  stiffness 
location  of  elastic  axis  in  fraction  of  chord 


Secondary  Importance 

(11)  yoVc  //ia  Reynolds  number,  ratio  of  dynamic  to  viscous  air  forces 

(12)  Q,  R/g  variant  of  Froude  number,  ratio  of  centripetal  to 

gravitational  accelerations 

As  stated  previously,  the  lists  of  dimensional  parameters  and 
dimensionless  ratios  presented  are  not  complete,  and  some  of  the  dimension¬ 
less  ratios  familiar  to  helicopter  engineers,  such  as  the  Lock  number  or 
ratio  of  air  forces  to  blade  inertia  forces,  are  conspicuous  by  their  absence. 
The  "missing"  items,  however,  are  actually  inherent  in  the  items  presented 
and  may  be  derived  from  them  if  desired.  Note  that,  of  the  first  three 
dimensionless  ratios  shown  above,  any  one  is  merely  a  combination  of  the 
other  two,  so  that  only  two  are  independent.  It  is  frequently  useful  to  combini 
various  dimensionless  ratios  into  new,  although  redundant,  ratios,  and  the 
above  redundancy  was  provided  as  a  simple  illustration.  As  another  example, 
the  reduced  frequency  parameter  D, c/2V,  important  with  respect  to  unsteady 
aerodynamic  characteristics,  is  simply  a  combination  of  ratios  (1)-V  /£1R 
and  (4)-R/c.  Thus,  provided  that  no  important  dimensional  items  were  left 
off  the  original  list,  satisfying  the  dimensionless  ratios  listed  ensures  that 
all  important  dimensionless  ratios  are  satisfied,  and  that  dynamic  similarity 
exists  for  the  intended  purpose.  The  dimensional  analysis  presented  is 
included  merely  as  a  means  to  the  end  of  establishing  the  design  of  the  model 
blades  rather  than  a  comprehensive  treatment  of  the  subject. 


Of  the  various  dimensionless  ratios  listed  above,  it  should  be  noted 
that  some,  such  as  item  (1)  -V/  fill,  refer  to  testing  conditions  rather  than 
to  the  design  of  the  model.  Item  (4)  -R/c,  refers  to  geometric  similarity 
between  model  and  full  scale  rotor.  Additional  dimensionless  quantities 
derived  from  geometric  similarity  should  also  be  added  to  the  list  of  important 
items,  including  the  number  of  blades  in  the  rotor,  blade  twist,  blade  pitch 
settings,  shaft  angle  of  attack  and  other  angular  quantities. 
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Establishment  of  Basic  Design 


The  above  list  of  dimensionless  ratios  combined  with  the 
characteristics  of  the  available  wind  tunnel  can  now  be  used  to  establish 
the  design  criteria  of  the  model  blade  as  follows: 

(a)  Speed  of  sound,  a,  in  the  available  atmospheric  wind  tunnel 
is  essentially  the  same  as  for  the  full  scale  rotor  in  free 
air.  Thus,  to  satisfy  dimensionless  ratios  (2)  and  (3)-V/a 
and  fl,R/a,  forward  speed  V  and  rotor  tip  speed  ilR  must  be 
the  same  as  full  scale. 


(b)  Dimensionless  ratio  (4)-R/c-and  other  reasoning  discussed 
previously  requires  that  the  model  external  shape  be  geo¬ 
metrically  similar  to  full  scale. 


(c)  Since  tunnel  air  density  is  the  same  as  the  air  density  for 
the  full  scale  blade,  dimensionless  ratios  (5)  and  (6) 

-m /  p  R^  and  M p  R^- indicate  that  the  quantities  m/R2 
and  must  also  be  the  same  as  full  scale,  both  of  which 

when  combined  with  conclusion  (b)  above  indicate  that  the 
average  density  of  the  model  must  equal  the  density  of  the  full 
scale  blade  construction,  and  that  total  model  weight  will  vary 
as  the  cube  of  the  scale  chosen.  It  may  be  seen  that  total 
mass  Mb  was  actually  a  redundant  dimensional  parameter  since 
the  mass  distribution  parameter  m  was  listed. 


(d)  Since  speed  V  and  density  p  re  the  same  as  full  scale,  the 
dimensionless  ratio  (7)-EIxx/  p  V2R4  -  requires  that  E!xx/R4 
bC  the  same  as  for  full  scaile. 


(e)  Dimensionless  ratios  (8)  and  (9)-EIyy /EIXX  and  GJ/El^  - 
require  that  the  ratios  of  flatwise,  edgewise,  and  torsional 
stiffness  be  the  same  for  the  model  as  for  full  scale. 

(f)  Dimensionless  ratio  (10)-x/c  -  requires  that  the  elastic  axis 
be  at  the  same  geometric  location  on  the  model  as  on  the  full 
scale  blade. 

(g)  Consideration  of  dimensionless  ratio  (11)-  pV c/p.  a  leads  to 
the  conclusion  that  model  Reynolds  number  cannot  be  made 
equal  to  full  scale,  since  density  p  ,  velocity  V,  and  viscosity 

p.%  are  all  the  same  as  for  full  scale.  Thus  Reynolds  number 
will  be  reduced  directly  proportional  to  the  model  scale.  As 
stated  previously,  this  was  unavoidable  with  the  wind  tunnel 
available,  but  fortunately  not  considered  detrimental  to  the 
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objectives  of  the  program. 


(h)  Consideration  of  dimensionless  ratio  (12)-  il^R/g-  leads  to 
tiie  conclusion  that  the  ratio  of  centripetal  to  gravitational 
acceleration  could  not  be  made  equal  to  full  scale,  since  tip 
speed  £2R  is  the  same  as  full  scale,  rotational  speed  SI  is 
increased,  and  gravitational  acceleration  g  remains  constant. 
This  was  not  considered  significant  for  the  intended  test 
program,  since  the  rotor  tip  centripetal  acceleration  is  over 
400  "g's”  for  the  full  scale  blade,  and  consequently  blade 
weight  affects  blade  flapping  motion  (chiefly  average  flapping 
or  coning  angle)  to  a  relatively  small  extent.  This  relative 
insensitivity  to  gravity  permits  testing  of  the  rotor  tilted  on 
its  side  as  seen  in  figures  1  and  2. 


(i)  The  cross  section  of  the  full  scale  blade  to  be  simulated  is 
shown  qualitatively  in  figure  4a.  It  is  characterized  by  an 
essentially  thin-walled  single  cell  spar  at  the  leading  edge 
machined  from  an  aluminum  extrusion  to  which  non- structural 
leading  edge  counterweights  and  trailing  edge  fairings  are  added. 
The  elastic  axis  of  the  spar  and  center  of  gravity  of  the  blade 
are  both  at  approximately  the  25  per  cent  chord  station.  If  the 
same  material  (aluminum)  is  used  for  the  model  spar,  and  if 
the  internal  structural  shape  as  well  as  external  shape  is 
scaled  down  geometrically  from  full  scale,  then  the  moduli  of 
elasticity  in  bending  and  shear,  E  and  G  respectively,  are  the 
same  as  for  the  full  scale  blade  and  the  moments  of  inertia  in 
bending  and  torsion,  1^,  lyy,  and  J  will  be  reduced  by  a  factor 
of  the  fourth  power  of  the  scale  chosen.  Use  of  geometric 
scaling  with  die  same  materials  also  results  in  the  mass  of  the 
model  decreasing  with  the  cube  of  the  linear  scale.  A  review  of 
the  requirements  derived  in  paragraphs  (b),  (c),  (d),  (e),  and  (f) 
above  reveals  that  this  approach  of  using  die  same  structural 
material  and  internal  as  well  as  external  geometric  scaling 
meets  all  of  the  requirements,  and  provides  one  technique  by 
which  proper  dynamic  similarity  is  assured,  as  long  as  para¬ 
graph  (a)  is  also  satisfied;  that  is,  as  long  as  the  model  is 
operated  at  the  same  forward  speed  and  tip  speed  as  full  scale. 

(j)  Another  possible  approach  to  the  design  of  the  dynamic  model  is 
illustrated  schematically  in  figure  4b  wherein  a  structural  spar 
not  geometrically  similar  to  full  scale  is  used  in  conjunction 
with  non-structural  aerodynamic  fairings  and  perhaps  weights 
to  adjust  to  the  required  mass.  In  principle,  a  spar  shape  can 
be  found  diat  will  have  the  right  relative  ratios  of  flatwise, 
edgewise,  and  torsion  stiffness,  although  in  practice  a  consider¬ 
able  amount  of  trial  and  error  may  be  involved.  In  the  particular 
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application  being  considered,  however,  it  may  be  shown 
quite  easily  that  no  solution  is  available  using  this  approach. 

This  is  because  the  full  scale  blade  utilizes  an  efficient 
structural  shape  combined  with  an  efficient  structural 
material.  A  spar  shape  such  as  that  shown  in  figure  4b  will 
have  considerably  lower  values  of  moment  of  inertia  per  unit 
cross  section  area  than  the  spar  of  figure  4a.  This  could  be 
suitably  compensated  for  if  a  material  with  a  ratio  of  modulus 
of  elasticity  to  material  density  considerably  higher  than  that 
of  the  full  scale  spar  (aluminum)  could  be  found.  No  such 
material  is  available,  however,  and  this  design  approach 
must  be  rejected  for  this  specific  application.  It  should  be 
noted,  however,  that  if  dynamic  similarity  is  desired  at  model 
velocities  appreciably  less  than  full  scale  (where  Mach  number 
effects  are  not  reproduced),  then  from  dimensionless  ratio  (7)- 
EI /  p  .V^R^  -  it  may  be  seen  that  if  p  is  less  than  full  scale, 
the  stiffness  El  must  decrease  more  rapidly  than  R  .  In  this 
application,  the  design  approach  represented  by  figure  4b  would 
be  acceptable.  For  the  present  problem,  however,  it  is  not. 

The  conclusion  from  the  preceding  analysis  was  that  the  only  reasonable 
approach  to  building  a  model  blade  dynamically  similar  to  a  typical  Sikorsky 
main  rotor  blade  at  full  scale  tip  speeds  was  to  build  essentially  an  accurately 
scaled  miniature  of  the  full  scale  blade  with  the  same  materials,  at  least  as 
far  as  structure  is  concerned.  The  development  of  such  a  model  blade  is 
described  in  the  next  section. 

The  scaling  ratios  or  ratios  of  values  of  various  dimensional 
parameters  of  the  model  to  full  scale  values  are  presented  in  Table  I  for  both 
the  full  scale  Mach  number  blade  and  for  the  full  scale  Froude  number  blade 
discussed  in  a  later  section.  For  the  one-eighth  scale  blades  developed  for  full 
scale  Ma  'h  number,  mass  of  the  blades  is  re  need  by  a  fa  'tor  of  8m  stiffness 
by  a  factor  of  8^,  RPM  increased  by  a  factor  of  8,  aerodynamic,  centrifugal, 
and  other  loads  decreased  bv  a  factor  of  8^.  Bis  '  stresses  wf’,i  be  the  same  as 
full  scale  and  blade  deflections  will  be  geometric,  'ly  simiku  iO  full  scale 
deflections.  All  natural  frecjuenc  cs  ’'11  be  increased  i :  a  factor  of  8,  so  that 
the  cycles  per  revolution  for  any  vibration  will  he  the  same  as  full  scale. 


3s 


m 


V"«l 

* 

-W 


446 


•v 

$ 


*N 


DETAIL  DESIGN  OF  DYNAMIC  DLADE 


Prototype 


The  prototype  chosen  for  the  dynamically  scaled  model  rotor  was  the 
five  bladed  Sikorsky  S-56  (H-37,  HR2S)  main  rotor,  72  feet  in  diameter 
with  a  21.5  inch  blade  chord. 

This  blade,  shown  in  figure  5,  is  of  all  metal  construction  and  con¬ 
sists  of  the  following  components:  a  CUFF  which  is  a  U  shaped  steel  attach¬ 
ment  fitting  that  joins  the  blade  to  the  sleeve  component  of  the  roior  head. 

It  is  attached  by  a  series  of  bolts  to  the  blade  SPAR  -  which  is  the  main 
structural  member  of  the  blade  and  is  made  from  a  hollow  "D"  section 
extrusion  of  6061  aluminum.  It  forms  the  leading  edge  of  an  NACA  0012 
airfoil  contour  and  at  its  trailing  edge  supports  the  POCKETS  which  are 
essentially  triangular  cross  section  units,  fabricated  of  aluminum  ribs  and 
skin,  and  bonded  to  the  spar  to  complete  the  aft  portion  of  the  airfoil  shape. 
Internally,  and  in  the  leading  edge  area  of  the  spar,  are  located  COUNTER¬ 
WEIGHTS  whose  function  is  to  mass  balance  the  blade  about  the  feathering 
axis.  The  counterweights  are  supported  along  the  spar  by  a  pair  of  internal 
beads  that  act  as  a  retaining  channel  and  at  the  tip  by  a  restraining  block 
which  is  attached  to  the  spar  side  walls  through  a  series  of  rivets.  Adjacent 
to  this  block  is  another  block  which  supports  the  TIP  BALANCE  ASSEMBLY 
that  provides  a  dual  means  of  trimming  the  dynamic  characteristics  of  the 
blade:  first-spanwise-by  a  series  of  shim  weights  located  on  the  quarter 
chord  position,  and  second- chordwise- by  a  movable  balance  weight  which 
ajusts  the  blade  pitching  characteristics.  The  tip  of  the  blade  is  faired  to  a 
smooth  tapered  airfoil  contour  by  a  replaceable  TIP  CAP  which  allows  for  tip 
damage  without  spar  replacement.  More  information  on  the  design  of 
Sikorsky  main  rotor  blades  was  presented  in  Reference  1. 


Comparison  Parameters 


By  dimensional  analysis  discussed  in  a  previous  section,  the 
parameters  of  the  S-56  blade  were  scaled  down  by  conversion  factors,  such 
that  the  model  is  aerodynamically,  geometrically,  structurally,  and  dynam¬ 
ically  similar  at  full  scale  tip  speed  (normally  696  feet  per  second  for  the 
S-56  rotor).  These  conversion  parameters  are  shown  in  Table  I. 

The  scale  chosen  for  this  model  was  based  on  the  largest  diameter 
disk  that  could  be  tested  in  the  United  Aircraft  18  foot  Wind  Tunnel  without 
seriously  being  affected  by  wall  interferences  in  certain  test  regimes.  The 
rotor  size  selected  was  9  foot  in  diameter  and  thus  one-eighth  scale  of  the 
prototype. 
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Dynamic  Model  Blade 


The  dynamic  model  blade  shown  in  figure  6  has  a  length  of  48  inches 
and  a  chord  of  2.  69  inches.  The  blade  as  first  developed  consisted  of  a 
steel  cuff,  a  bonded  aluminum  spar-,  pockets  composed  of  balsa  wood  ribs 
covered  with  "Mylar"  coated  paper,  lead  and  steel  counterweights  and  an 
aluminum  tip  cap.  Figure  7  compares  a  typical  cross  sectional  view  of  the 
scaled  model  with  the  actual  prototype. 

It  can  be  seen  from  figure  7  that  the  model  spar  is  a  built-up 
section  as  compared  to  the  extruded  spar  of  the  prototype.  Although  exact 
likeness  in  construction  is  not  present,  overall  similarity  is  maintained  . 
Comparison  between  the  model  mass  distribution,  area  and  stiffness 
characteristics  and  the  S-56  blade  characteristics  scaled  down  are  shown  in 
figures  8  and  9.  Variations  between  actual  and  desired  characteristics 
caused  by  differences  in  construction  are,  in  general,  very  small.  Since  the 
spar  is  the  main  structural  component  of  the  blade,  as  much  similarity  as 
possible  between  model  and  prototype  was  of  the  utmost  importance. 

A  study  was  undertaken  to  investigate  the  possibility  of  fabricating 
an  identical  extrusion  one  eighth  the  scale  of  the  full  scale  blade.  Below  is 
a  list  of  the  disadvantages  that  arose  from  this  investigation. 

1)  Extreme  costs,  special  tooling  and  very  long  lead  time  in  the 
procurement  of  the  extrusion; 

2)  Dimensional  tolerances  that  are  allowed  on  the  full  scale 
extrusion  could  not  be  scaled  down  proportionately; 

3)  Machining  techniques  necessary  to  contour  the  extrusion  could 
not  be  employed  without  extensive  tooling  costs; 

4)  Special  equipment  used  to  set  the  full  scale  spar  at  a  particular 
twist  could  not  be  used  on  the  model; 
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b.  Inspection  methods  used  to  examine  the  inside  surface  of  the 
spar  could  not  be  modified  to  accommodate  the  small  size. 

With  these  disadvantages  in  mind  it  was  decided  that  a  built-up 
section  such  as  that  seen  in  figure  7,  was  the  more  practical  solution  to  the 
problem.  Since  the  model  was  to  be  a  dynamic  representation  of  a  production 
blade,  the  wall  thicknesses,  contour  and  length  were  scaled  down  from  the 
drawings  of  the  S-56  main  rotor  blade.  The  contour  of  each  section  of  the 
spar  was  determined  by  plotting  the  mean  values  of  the  production  tolerances 
allowed  on  the  prototype.  The  scaled  down  tolerances  were  extremely  small, 
in  the  neighborhood  of  five  ten- thousandths  of  an  inch  and  it  is  worthwhile  to 

448 


‘.v: 

\v 


i 


note  that  the  built-up  spar  is  far  superior  to  an  extruded  spar  because  of 
the  quality  control  that  can  be  maintained  in  milling  the  thickness  of  the 
skin.  The  inside  contour  of  the  S-56  blade  is  constant  along  the  length  of 
the  blade;  the  model  also  incorporates  this  feature. 

SPAR 

A.  Spar  Components 

The  spar  is  composed  of  four  basic  parts;  the  leading  edge,  the 
U-section,  vertical  stiffeners  and  a  counterweight' channel.  The  components 
of  the  spar  are  bonded  together  with  a  "Scotch- Weld"  film  adhesive.  This 
adhesive  is  not  considered  to  contribute  to  the  stiffnesses  of  the  blade  and 
therefore  only  the  aluminum  components  are  used  in  determining  the  section 
properties  of  the  blade.  Comparison  of  area,  Ixx,  Iyy,  and  J  distributions  of 
the  model  with  those  of  the  S-56  spar  scaled  down  for  comparison  are  shown 
in  figure  9. 

1)  Leading  edge  -  The  leading  edge  of  the  spar  is  of  step-tapered 
wall  thickness.  Initially,  a  strip  of  6061T-6  aluminum,  .051  inches  in 
thickness  was  machine  milled  in  four  steps  to  .021  inches  at  the  tip,  and  then 
hand  scraped  and  sanded  to  within  .0005  inch  of  the  required  values.  This 
method,  since  it  was  very  expensive  and  time  consuming,  led  to  the  use  of 
chemical  milling  of  the  material  to  the  variable  thickness  required.  The 
advantage  of  this  method  was  that  it  uniformly  milled  a  large  sheet  containing 
a  number  of  leading  edge  blanks  in  a  very  short  period  of  time. 

The  forming  of  the  leading  edge,  because  of  its  small  radius  of  bend, 
made  it  necessary  to  heat  treat  the  aluminum  to  the  T-4  condition  to  make  it 
pliable  for  forming.  Immediately  after  heat  treatment  it  is  initially  formed 
over  a  4  inch  diameter  die  to  insure  proper  contour  during  final  forming  and 
then  press  formed  over  a  special  male  contoured  die.  After  forming  it  is 
returned  to  the  T-6  condition,  machine  milled  to  the  proper  chord  dimensions, 
and  then  anodized. 

2)  U-Section  -  The  U-Section  or  trailing  edge  of  the  spar  is  of 
uniform  thickness  and  is  made  from  a  .025  inch  sheet  of  6061T-6  aluminum. 
Since  the  angle  of  bend  is  not  as  sharp  as  that  of  the  leading  edge,  it  can  be 
formed  in  the  T-6  condition.  Aga  a,  as  with  the  leading  edge,  it  must  be 
formed  over  the  4  inch  diameter  die  to  insure  proper  coiuour  during  final 
forming,  and  then  press  formed  over  a  male  U-Section  die.  It  is  press 
formed  again  with  a  female  U-Section  cover  plate  to  obtain  the  flat  vertical 
surface.  After  forming  it  is  machine  milled  to  the  proper  width  and  length 
and  then  anodized. 

3)  Vertical  Stiffeners  -  Two  vertical  stiffeners  are  cut  to  size 
from  a  .012  sheet  of  6061T-6  aluminum  and  then  anodized. 


4)  Counterweight  Channel  -  From  a  .006  inch  sheet  of  6061T-6 
aluminum  (obtained  by  chemically  milling  a  sheet  of  greater  thickness)  the 
counterweight  channel  is  trimmed  to  the  required  dimensions,  brake  formed 
over  a  special  die  to  obtain  the  required  shape,  and  then  anodized. 

B.  Spar  Assembly 

1)  Adhesive  -  The  bonding  of  the  spar  assembly  was  a  unique 
challenge  in  itself  with  the  selection  of  the  adhesive  requiring  the  analysis 
of  numerous  bonded  test  sections.  The  choice  of  a  bonding  agent  could  not 
be  determined  merely  from  a  shear  or  peel  strength  chart,  since  the  bonded 
joint  where  the  U-Section  is  attached  to  the  leading  edge  is  not  only  under 
shear  loads  during  actural  testing,  but  also  under  a  tensile  load  due  to  the 
bonding  process.  This  tensile  load  is  transmitted  through  the  adhesive  by 
the  pulling  away  of  the  leading  edge  from  the  U-Section  since  a  perfect 
contoured  shape  could  not  be  reached  during  forming  because  of  the  inherent 
springback  of  the  material. 

Other  facts  determining  the  selection  of  the  bonding  agent  were  the 
consistency  of  the  glue  line  thickness,  the  strength  of  the  adhesive  after 
repeated  curing  cycles,  the  ease  in  handling  during  the  bonding  process, 
the  ability  to  clean  excess  adhesive  from  adjacent  parts,  and  uniformity  in 
weight.  A  Scotch-Weld  Brand  thermosetting  nitrile-phenolic  adhesive  film, 
designated  AF-6,  fulfilled  these  requirements. 

2)  Bonding  Jig  -  Figure  10  shows  a  section  of  the  specially  designed 
jig  used  to  bond  the  components  of  the  blade  together.  It  consists  of  30 
templates  located  1. 5  inches  apart  which  can  be  individually  adjusted  to  permit 
bonding  of  any  reasonable  twist  into  the  spar.,  The  spacing  of  these  templates 
was  selected  so  that  external  pressure  blocks  which  apply  uniform  pressure 
perpendicular  to  the  bonded  joint  could  be  independently  attached  to  the  spar 
rather  than  rigidly  connected  to  the  continuous  members  of  the  blade  and  bonding 
jig  which  are  affected  by  thermal  expansion  during  the  bonding  cycle.  A 
fixture  based  on  the  inside  contour  of  the  spar  is  inserted  between  the  leading 
edge  and  the  U-channel  to  control  the  chord  dimensions  of  the  spar  and  also  act 
as  a  compression  pad  for  the  external  pressure  blocks.  This  spacer  is  designed 
with  a  hinge-type  folding  device  to  allow  its  removal  after  bonding.  A  photo¬ 
graph  of  this  spacer  and  the  one  used  in  positioning  the  counterweights  and 
counterweight  channel  as  well  as  the  other  jigs  and  components  used  in  the  con¬ 
struction  of  die  spar  is  shown  in  figure  11. 

3)  Assembly  -  The  bonding  of  Ute  spar  assembly  is  performed  in 
three  operations: 

a)  The  vertical  stiffeners  are  bonded  to  die  U-Section  with  special 
forms  used  to  ensure  a  flat  surface  and  prevent  slippage. 
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b)  The  U-Section  and  the  leading  edge  are  bonded  together. 

c)  The  counterweight  channel  is  bonded  to  the  inside  of  the  spar. 

A  contoured  form  is  used  to  control  the  position  of  the  channel  with 
respect  to  the  leading  edge. 

The  special  jig  and  fixtures  described  above  are  required  for  steps 
(b)  and  (c).  A  photo  of  the  jig  and  a  blade  to  be  bonded  is  shown  in  figure  12 
prior  to  being  placed  in  an  oven  for  curing.  Special  attention  should  be 
given  to  the  number  of  components  necessary  to  position  and  affix  the  spar 
to  the  jig.  It  should  be  noted  that  all  jigs,  templates  and  fixtures  used 
in  the  bonding  of  the  blade  and  its  components  have  been  coated  with  Teflon 
as  a  release  agent. 

POCKETS 


The  scaling  down  of  the  pockets  was  perhaps  the  most  difficult  phase 
in  the  design  of  the  model  blade.  In  the  case  of  the  spar,  where  the  same 
material  is  used,  the  resultant  weight  is  proportionate  to  the  reduction  in  skin 
thickness.  However,  to  proportionately  scale  down  the  components  of  the 
pocket  utilizing  the  same  material  resulted  in  parts  too  flimsy  to  handle. 
Consequently,  a  different  approach  to  the  problem  was  taken.  The  weight  and 
strength  of  the  pockets  were  the  two  factors  of  the  greatest  concern.  Since 
the  pocket  is  an  essentially  rigid  component  of  the  blade  whose  function  is  to 
complete  the  aft  portion  of  the  airfoil  section  and  transfer  the  air  loads  to  the 
spar,  it  was  decided  that  an  increase  in  the  strength  and  stiffness  of  the  model 
pocket  could  be  tolerated. 

Since  the  blade  is  chordwise  balanced  about  the  quarter-chord  of  the 
section,  any  change  in  the  weight  of  the  pocket  would  unbalance  the  section 
thus  requiring  a  modification  in  the  counter- balance  v/eight  and  thereby 
affecting  the  entire  entire  mass  distribution  of  the  blade.  Therefore,  weight  is  the 
controlled  parameter  in  the  design  of  die  model  pocket. 


There  are  three  basic  pockets  varying  in  weight  from  seven-tenths 
of  a  gram  to  one  gram  (the  weight  of  a  standard  cigarette)  and  ranging  in 
required  transverse  load  capacity  between  four  and  eight  pounds  per  square  inch 
Each  of  these  pockets  is  similar  in  construction  except  for  a  variance  in  skin 
thickness  and  rib  contour  necessary  to  meet  the  different  weight  requirements. 
The  photo  in  figure  13  shows  the  chemical  balance  used  in  weighing  the 
components  of  the  blade.  This  is  an  example  of  the  high  degree  of  quality 
control  diat  exists  thoughcout  the  fabrication  of  t!  .  blade. 

Many  types  of  materials  were  investigated  for  use  in  the  construction 
of  the  pocket.  Weight  control,  water,  oil  and  grease  absorption,  and  com¬ 
patibility  between  die  adhesives  used  in  the  contraction  and  bonding  of  me 


pocket  to  the  spar  were  just  a  few  of  the  factors  considered.  A  high  quality 
grade  of  bond  paper,  coated  with  a  1/2  mil  film  of  metallized  Mylar  plastic 
was  selected  for  the  skin,  with  balsa  wood  chosen  for  the  ribs  and  a  highly 
water  resistant  contact  cement  used  to  bond  the  components  together. 

The  steps  required  in  the  construction  of  a  typical  pocket  can  be 
broken  down  into  seven  operations: 

1)  The  1/2  mil  metallized  Mylar  is  laminated  to  the  required 
thickness  paper.  The  Mylar  has  one  surface  pre-coated  with  adhesive  which 
requires  only  pressure  and  heat  for  lamination. 

2)  The  skins  are  cut  to  size  with  a  template  and  folded. 

3)  The  balsa  ribs  are  cut  to  size  from  a  rib  template. 

4)  The  ribs  are  held  in  a  fixture  while  the  end  surfaces  are  sealed 
and  glue  applied,  and  then  transferred  to  the  pocket  jig. 

5)  The  skin  is  placed  in  a  fixture  and  cement  applied. 

6)  A  bead  of  adhesive  is  placed  inside  along  the  folded  edge  of  the 
skin  to  form  a  stiff  edge,  and  then  the  skin  is  positioned  over  the  ribs  in  the 
pocket  jig. 

7)  The  jig  is  aligned,  clamped  together  and  placed  in  an  oven  for 
a  quick  cure  of  5  minutes  at  225 °F. 

After  pockets  have  been  removed  from  the  bonding  jig,  they  are 
trimmed  to  fit  the  spar.  The  pockets  are  then  bonded  to  the  spar  in  the  same 
jig  used  for  bonding  the  spar  components  together.  The  jig  positions  the 
pocket  properly  over  the  U-Section  of  the  spar  to  insure  correct  chordwise 
dimension  and  proper  contour  and  twist.  Paper  shims  are  used  between  the 
pocket  and  U-Section  of  the  spar  as  required  to  obtain  a  smooth  contour. 

COUNTERWEIGHTS 


Since  the  center  of  gravity  of  the  spar  as  well  as  the  pocket  are  to  the 
rear  of  the  blade  quarter-chord,  a  sizeable  weight  is  necessary  to  counter¬ 
balance  the  section.  Because  the  center  of  gravity  of  the  model  spar  was 
slightly  aft  of  the  corresponding  full  scale  center  of  gravity,  the  model  counter¬ 
weights  were  required  to  be  somewhat  forward  relative  to  the  full  scale  counter¬ 
weights.  Calculations  called  for  a  material  with  a  density  of  at  least  155 
grams/inch^  because  of  the  small  area  available  for  the  counterweight  in  the 
leading  edge  of  the  spar.  Lead,  with  a  density  of  178  grams/inch^,  appeared 
highly  suitable. 
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The  counterweights  on  the  full  scale  blade  are  free  to  move 
spanwise  along  the  spar  under  centrifugal  loads;  the  model  retained  this 
similarity.  However,  if  the  force  exerted  by  each  weight  is  in  turn  exerted 
on  the  next  weight,  the  total  force  on  the  weight  closest  to  the  blade  tip  will 
range  between  200  and  300  lbs.  depending  on  the  operating  RPM.  This 
presented  another  problem.  The  full  scale  weights  are  basically  of  steel 
and  are  capable  of  supporting  the  large  compressive  loads  exerted  on  them. 
The  compressive  strength  of  lead  is  not  capable  of  withstanding  such  a  force, 
and  as  a  result  the  counterweight  would  extrude  sideways  into  the  counter¬ 
weight  channel  causing  it  to  separate  from  the  spar  and  allowing  the  weights 
to  be  thrown  free.  A  steel  rod  was  inserted  into  the  lead  weight  to  increase 
its  strength,  but  too  much  slippage  occurred  between  the  lead  and  the  steel 
if  a  smooth  rod  was  used.  To  eliminate  this  slippage,  a  piece  of  .  062  inch 
diameter  drill  rod  was  run  through  a  1-72  NT  die  and  then  threaded  into  a 
piece  of  acid-core  solder.  (The  acid- core  solder  with  the  acid  removed 
was  substituted  for  the  lead  because  of  the  difficulty  in  drilling  through  the 
lead.  The  combined  density  of  the  solder  and  steel  core  is  still  above  the 
required  155  grams/inch^)  The  counterweight  is  press-formed  in  a  female 
die  based  on  the  inside  contour  of  the  leading  edge. 

The  model  blade  incorporates  three  different  weights,  based  on  the 
unbalance  of  the  section  of  the  spar  under  consideration.  Figure  14  is  a 
curve  of  balancing  moment  and  counterweight  mass  distribution  versus 
counterweight  height,  developed  from  a  plot  of  the  interior  cross-section  of 
the  leading  edge  of  the  spar.  The  use  of  this  plot  is  explained  by  the  following 
example  and  indicated  on  the  curves  by  the  arrows. 

Example;  Chordwise  Balance  -  Section  EE 


Mass/inch  Distance  Moment 
_  from  c/4  about  c/4 


Bonded  Spar 

3.0564 

-0.032 

-.0977 

Pocket  -  Bonded  to  Spar 

.7101 

-1.032 

-.7330 

-78307- 

Counterweight  from  "Plot” 

(b  =  .099  inches) 

1.4000 

+0. 593 

+. 8307 

The  contoured  form  previously  mentioned,  which  controls  the  position 
of  the  channel  with  respect  to  the  leading  edge,  is  based  on  the  contour  and 
height  "b"  of  the  largest  counterweight  required,  thus  forming  a  uniform 
channel  along  the  length  of  the  spar.  Therefore,  all  weights  would  be  initially 
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the  same  shape  and  size.  Different  weight  values  are  obtained  by  removal 
of  some  of  the  solder  by  notching. 

TIP  BLOCK 


The  tip  block  has  the  threefold  purpose  of  restraining  the  counterweights, 
providing  a  means  of  trimming  the  dynamic  characteristics  of  the  blade,  and 
acting  as  an  attachment  block  for  the  tip  cap.  It  is  a  magnesium  block  fitted  to 
the  inside  contour  of  the  spar  and  attached  to  the  sidewalls  by  a  series  of 
small  screws.  The  screws  permit  removal  of  the  block  to  change  counter¬ 
weights  or  alter  the  balance  of  the  blade.  Two  screws  parallel  to  the  feathering 
axis  and  located  on  the  centerline  of  the  block  are  used  to  attach  weights  which 
statically  balance  all  the  blades  of  a  set  alike  with  respect  to  the  center  of 
rotation  of  the  rotor  system. 

TIP  CAP 


The  tip  cap  is  an  exact  replica  of  the  full  scale  tip  cap  and  is  made 
of  aluminum.  Weight  wise,  it  is  slightly  heavy,  but  this  weight  is  concentrated 
forward  of  the  quarter-chord,  thus  acting  as  a  counterweight.  It  is  attached  to 
the  blade  through  the  tip  block  by  screws  and  through  the  tip  pocket  by  cement. 

CUFF,  CUFF  BLOCK  AND  ROOT  CAP 

The  cuff  is  made  of  steel  and  is  not  dynamically  similar  to  the  S- 56 

cuff. 


The  magnesium  cuff  block  prevents  the  spar  walls  from  collapsing 
as  the  cuff  is  installed,  similar  to  the  full  scale. 

The  root  cap  seals  the  end  of  the  spar  from  foreign  materials. 


MODIFICATIONS  TO  BLADE  DESIGN 


The  development  of  the  model  blade  has  been  a  continuous  project 
over  the  past  five  years  to  improve  its  capabilities  and  simplify  its  construction. 
Some  of  the  more  important  modifications  to  the  original  dynamic  blade  are 
discussed  below. 

Static  tests  of  the  blade  stiffness  were  used  to  help  substantiate 
similarity  of  the  model  with  that  of  the  prototype.  However,  certain  tests 
which  appeared  satisfactory  initially  later  proved  to  be  erroneous  when  other 
conditions  were  applied.  Such  was  the  case  in  the  selection  of  the  AF-6 
adhesive,  A  wind  tunnel  test  program,  conducted  to  determine  the  degree  of 
correlation  between  theoretical  and  experimental  model  rotor  performance. 
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showed  significant  amounts  of  model  rotor  blade  dynamic  twisting  both  in 
hovering  and  vertical  flight.  In  the  early  stages  of  testing,  the  calibration 
of  the  torsional  strain  gages  used  to  measure  torsional  moments  was 
completed  in  a  period  of  a  few  minutes.  However,  as  the  number  of  gage 
stations  were  increased  and  longer  periods  of  time  were  required  for  cali¬ 
bration,  a  continuous  and  increasing  change  in  blade  twist  was  detected. 

This  was  caused  by  a  definite  creep  in  the  Scotch- Weld  adhesive  used  to  bond 
the  spar  components  indicating  a  need  for  a  better  bonding  agent.  Figure  15 
compares  the  torsional  behavior  of  the  tip  sections  of  two  spars,  one  built 
with  AF-6  adhesive  and  the  other  with  FM1000,  a  film  adhesive  produced  by 
the  Bloomingdale  Rubber  Company  which  is  presently  used  in  the  construction 
of  the  dynamic  blade.  The  large  change  in  twist  of  spar  "A”  is  the  direct 
result  of  the  creep  properties  of  AF-6  in  this  specific  application,  whereas 
spar  "B"  with  the  FM1000  adhesive  shows  only  an  extremely  small  change 
over  the  same  period  tested.  Another  factor,  also  shown  in  figure  15,  is 
the  slow  recovery  rate  at  which  the  twist  returns  to  its  original  position 
after  the  load  is  removed.  Since  the  change  in  twist  of  spar  "B"  is  so  small, 
the  recovery  rate  is  disregarded,  but  in  the  case  of  spar  "A",  it  is  a  very 
important  factor  during  calibration  and  especially  during  testing. 

A  photograph  of  the  apparatus  used  to  measure  the  change  in  twist 
of  the  blade  is  shown  in  figure  16.  A  blade  is  held  in  a  vertical  position  by 
a  cuff  rigidly  attached  to  the  upper  portion  of  the  fixture.  Mirrors  are 
positioned  at  various  spanwise  stations  along  the  spar  and  located  chordwise 
so  that  the  crosshairs  etched  on  them  line  up  with  the  feathering  axis  of  the 
blade.  By  means  of  a  concentrated  arc  light  source,  an  image  of  the  cross¬ 
hairs  is  reflected  on  a  curved  grid  screen  located  57. 3  inches  from  the 
twisting  axis  of  the  blade.  The  blade  is  twisted  about  its  feathering  axis  by 
applying  a  torsional  moment  through  a  block  fastened  to  the  blade  tip.  With 
this  device,  changes  in  blade  twist  due  to  torsional  loading  can  be  recorded 
simultaneously  with  an  accuracy  of  1/20  of  a  degree. 

Other  changes  in  the  basic  design  of  the  dynamic  blade  were  brought 
about  to  ensure  structural  integrity  of  the  spar  at  greater  than  design  rota¬ 
tional  speeds  and  Mach  numbers.  To  allow  a  considerable  increase  in  tip 
speed  and  corresponding  centrifugal  loads,  7075  aluminum  was  substituted 
for  the  original  6061  spar  material.  The  introduction  of  7075  required  a 
number  of  changes  in  heat  treatment  and  forming.  The  period  of  time  the 
material  remains  in  the  softer  T-4  condition  is  much  less  for  7075  than  for 
6061  aluminum.  Refrigeration  extends  this  period,  but  once  out  of  refrigeration 
the  time  available  for  forming  the  7075  is  rapidly  reduced. 

The  increase  in  rpm  (from  1500  to  2200)  required  changes  in  some 
of  the  other  components  of  the  blade.  Counterweights,  which  were  originally 
held  in  place  by  the  counterweight  channel  and  tip  block,  are  now  bonded  to 
the  leading  edge  of  the  blade  to  ensure  retention.  Certain  test  conditions  were 
repeated  to  show  no  change  in  blade  vibratory  stresses  or  performance  duo  to 
the  bonding  of  the  weights.  Pockets,  which  appeared  satisfactory  at  lower 
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tip  speeds,  caused  many  problems  at  extreme  load  conditions  encountered 
during  a  hovering  performance  test  on  an  outdoor  test  stand.  Upper  pocket 
skins  separated  from  the  ribs,  Mylar  peeled  from  the  paper,  pockets  slipped 
along  the  spar,  and  pockets  closest  to  the  blade  tip  were  thrown  free  of  the 
spar.  In  addition  to  the  high  aerodynamic  and  centrifugal  loads,  the  pocket 
failures  could  be  attributed  partially  to  effects  that  temperature  and  at¬ 
mospheric  conditions  had  on  the  bond  which  showed  signs  of  breakdown 
between  pocket  and  spar  and  between  the  components  of  the  pockets.  To 
improve  their  construction,  greater  thickness  and  number  of  ribs  in  the 
outboard  four  pockets  were  used  to  increase  the  bond  area  between  skin 
and  rib.  Different  adhesives  were  tried,  but  the  pocket  failures  still 
occurred.  Solid  balsa  cores  were  substituted  for  the  rib  design  in  order 
to  complete  the  test,  but  peeling  of  the  Mylar  still  existed  as  well  as  a 
large  increase  in  the  weight  of  the  pockets. 

This  change  in  pocket  design,  although  it  allowed  completion  of 
the  hovering  test,  would  not  be  satisfactory  for  the  forward  flight  tests  to 
be  conducted  in  the  wind  tunnel  at  a  later  date.  Pockets  using  magnesium 
skins  chemically  milled  to  a  thickness  of  four- thousandths  of  an  inch,  and 
a  comb-like  balsa  wood  core  were  bonded  to  the  spar  with  AF-6  adhesive. 

A  photo  of  the  components  and  fixtures  used  in  the  fabrication  of  this  pocket 
appears  in  figure  17.  The  increase  in  weight  of  the  pocket  as  a  result  of 
this  change  required  additional  counterweight  to  balance  the  section  about 
the  quarter-chord,  and  thus  caused  an  overall  increase  of  10%  in  the  total 
blade  weight.  With  these  modifications,  we  have  deviated  somewhat  from 
the  exact  dynamic  similarity  of  the  original  S-56  blade  but  are  still  dy¬ 
namically  representative  of  typical  Sikorsky  rotor  blades. 


TESTING  EXPERIENCE 


Starting  with  the  first  preliminary  test  in  late  1958,  a  total  of 
more  than  70  of  the  dynamic  model  blades  described  in  the  previous  section 
have  been  built  and  tested  to  date.  These  have  included  various  sets  having 
built-in  geometric  twists  of  0,  -4,  -8,  and  -14  degrees  to  cover  the  range 
of  helicopter  rotor  practice,  some  sets  with  high  strength  aluminum  alloy 
spars  to  permit  high  tip  speed  investigations,  some  blades  with  built-in 
spar  deformations  and  residual  stresses  to  alter  the  normal  centrifugaily- 
induced  stress  distribution,  and  several  other  variations. 
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Rotor  Test  Rig 


The  blades  have  for  the  most  part  been  tested  in  the  forward  flight 
condition  on  the  Sikorsky  Helicopter  Rotor  Test  Rig  in  the  United  Aircraft 
Corporation  subsonic  wind  tunnel,  which  has  an  octagonal  test  section  18  feet 
across  the  flats  and  a  maximum  speed  slightly  over  160  knots  with  the  rotor 
test  equipment  installed.  An  overall  view  of  the  present  configuration  of  the 
test  rig  showing  the  drive  motor  and  force  balance. housing  was  shown  in 
figure  2,  and  a  more  detailed  view  of  the  rotor  head  area  is  shown  in  figure 
18.  The  five-bladed  rotor  hub  is  equipped  with  coincident  flapping  and  lag 
hinges  at  the  5. 6  percent  radius  station,  as  is  the  full  scale  S-56  rotor.  The 
model  hinges  incorporate  needle  bearings  for  minimum  friction  and  adequate 
load  capacity.  Lag  motion  is  restrained  by  friction  dampers  and  flap  and  lag 
motions  sensed  by  Clifton  rotary  transformers.  A  conventional  helicopter 
swash  plate  is  driven  by  three  precision  electric  actuators  which  are  remotely 
controlled,  through  an  appropriate  mixing  system  in  the  tunnel  control  room, 
permitting  independent  control  of  collective  pitch  and  longitudinal  and  lateral 
cyclic  pitch  settings  during  testing.  A  hollow  shaft  provides  the  route  for  the 
wires  for  all  instrumentation  on  the  rotating  system  to  approximately  100 
slip  rings  in  the  rotor  test  rig  pod. 

Normal  test  procedure  consists  of  setting  a  desired  shaft  angle  by 
means  of  the  tunnel  turntable,  setting  rotor  speed  and  forward  speed,  and 
taking  data  at  increments  in  blade  collective  pitch,  usually  adjusting  cyclic 
pitch  values  to  minimize  tip  path  plane  tilt  relative  to  the  shaft.  Vibratory 
stresses  on  the  blade  are  monitored  to  ensure  that  prescribed  limits  are  not 
exceeded.  All  dynamic  data  are  recorded  on  magnetic  tape  in  digital  form 
by  means  of  a  20  channel  Epsco  data  acquisition  system,  transmitted  to  an 
IBM  7090  computer  and  reduced  to  steady  forces  and  moments,  blade 
flapping  angles,  peak  to  peak  stresses,  and,  if  desired,  Fourier  coefficients 
of  these  quantities. 


Blade  Instrumentation 


Usually  only  one  blade  out  of  a  set  of  five  is  instrumented  with  strain 
gages,  to  minimize  the  effects  of  the  slight  surface  irregularities  caused  by 
the  gages  on  the  overall  rotor  performance.  A  spare  instrumented  blade, 
however,  is  frequently  provided  and  occasionally  required  because  of  instru¬ 
mentation  failures  which  may  develop,  or  other  damage  to  the  blade.  Strain 
gages  are  provided  to  measure  edgewise  and  flatwise  bending  at  five  stations 
each  and  torsion  at  four  stations  along  the  length  of  the  blade.  Cages  used 
are  Baldwin  AD-7  paper  backed  wire  type,  with  a  resistance  of  120  ohms,  which 
have  proven  to  be  very  reliable  when  properly  installed.  Flatwise  bending 
measured  at  any  station  is  accomplished  by  means  of  two  active  gages,  one 
each  on  top  and  bottom  of  the  spar.  The  bridge  circuit  is  completed  with  two 
dummy  gages  mounted  on  the  instrumentation  plate  on  the  rotor  head.  Edge- 
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wise  bending  is  similarly  measured  with  two  active  gages,  one  on  the  spar 
leading  edge  and  one  on  the  trailing  edge  submerged  within  the  trailing  edge 
pockets.  Torsion  stations  use  four  active  gages,  two  each  on  top  and  bottom 
of  the  spar.  Connecting  wires,  which  are  .  005  inch  diameter  nylon  clad 
copper,  run  chordwise  from  external  gages  to  the  rear  of  the  spar,  from  which 
point  they  run  inside  the  blade  along  the  rear  of  the  spar  to  a  specially  made 
56  pin  miniature  terminal  block  mounted  on  the  rear  of  the  spar  at  the  root  end 
of  the  blade.  From  this  terminal  a  harness  of  plastic  covered  stranded  wires 
is  used  to  jump  across  the  flap  and  lag  hinges  and  is  attached  to  the  rotor  head 
with  miniature  quick- disconnect  plugs.  A  photograph  of  a  portion  of  this  blade 
instrumentation  is  shown  in  figure  19. 


Confirmation  of  Dynamic  Similarity 


The  mass  distribution  and  spar  shape  were  controlled  on  the  model  as 
carefully  as  possible  to  ensure  similarity  to  full  scale.  Measurements  of  model 
stiffness  in  the  flatwise,  edgewise,  and  torsional  directions  nave  confirmed  proper 
scaling  from  the  proptotype  full  scale  blade  to  within  5  percent.  A  comparison 
of  resonance  characteristics  for  model  and  full  scale  is  shown  in  figure  20, 
which  presents  natural  frequency  for  various  vibration  modes  as  a  function  of 
rotational  speed  (full  scale  frequencies  and  rpm  values  were  multiplied  by  the 
scale  factor  of  8  to  make  the  numbers  comparable).  The  F  anc  C  labels  on 
the  various  curves  refer  to  flatwise  and  chordwise  (or  edgewise)  vibration 
modes,  and  the  subscript  indicates  whether  it  is  the  first,  second,  or  third 
mode  of  bending.  As  may  be  seen,  the  model  and  full  scale  blades  compare 
very  well,  except  that  for  the  higher  frequency,  higher  mode  vibrations  the 
model  frequencies  are  a  little  low.  This  is  due  primarily  to  excess  root  end 
mass  on  the  model  blades  because  of  the  weight  of  the  pitch-change  bearings 
which  could  not  be  scaled  down  to  the  proper  weight  and  still  carry  the  cen¬ 
trifugal  loads.  While  the  curves  of  figure  20  are  calculated  for  the  blade  they 
have  been  confirmed  by  non- rotating  shaker  tests  in  the  laboratory  and  also 
by  examination  of  blade  vibratory  stress  amplitudes  in  the  wind  tunnel  as  rotor 
rpm  was  slowly  increased  or  decreased. 

A  direct  comparison  of  model  stresses  and  those  measured  on  an  S-56 
helicopter  in  flight  are  shown  in  figure  21.  This  comparison  was  first  reported 
in  Reference  1.  The  model  rotor  was  operated  in  the  wind  tunnel  to  provide 
the  same  (scaled)  value  of  lift  and  propulsive  force  as  that  required  for  the 
helicopter.  Considering  the  difference  in  Reynolds  number,  the  agreement 
was  remarkably  good.  The  effect  of  a  change  in  blade  twist  from  -14  to  -8 
degrees  on  the  S-56  helicopter  was  checked  in  the  wind  tunnel  with  dynamic 
blades.  Reducing  the  twist  on  the  S-56  provided  an  important  reduction  in 
blade  vibratory  stresses.  The  wind  tunnel  test  confirmed  this  stress  reduction 
almost  exactly. 


It  should  be  noted  that  most  of  the  tests  conducted  with  the  model 
blades  have  not  been  intended  to  represent  the  S-56  blades  or  any  other 
blade  exactly.  For  example  the  reduced  Reynclds  number  makes  it 
impossible  to  use  model  data  for  accurate  full  scale  performance  pre¬ 
dictions.  The  primary  purpose  of  most  of  the  tests  has  been  to  probe 
new  operating  regimes  of  the  rotor  not  possible  or  not  safe  to  check  with 
flight  test,  and  to  provide  data  for  correlation  with  theoretical  analysis. 

The  use  of  a  blade  which  has  dynamic  characteristics  representative  of 
typical  full  scale  practice  ensures  that  the  data  obtained  will  be  generally 
valid  and  applicable  to  full  scale  practice. 

Blade  Reliability 

The  dynamic  model  blades  have  been  tested  extensively  for  a 
number  of  purposes  over  the  past  several  years.  In  this  testing,  they  have 
displayed  a  remarkable  degree  of  ruggedness,  with  not  a  single  accident  due 
to  a  blade  structural  failure.  There  was  one  incident  of  fatigue  failure  of  a 
rotor  head  component,  which  resulted  in  destruction  of  the  rotor  and  several 
cases  of  an  "emergency’'  quick  stop  of  the  drive  motor  which  resulted  in  the 
blades  hitting  the  forward  lag  angle  stop  so  violently  as  to  damage  the  rotor 
head  and  permanently  bend  the  blades  in  an  edgewise  direction  (Hindsight 
indicates  that  it  would  have  been  better  to  allow  the  rig  to  coast  to  a  stop 
than  to  use  electric  braking).  An  experiment  was  also  conducted  with 
coupled  blades  that  resulted  in  a  violent  instability  which  wrecked  the  rotor. 

In  early  versions  of  the  blade,  the  unbonded  leading  edge  counterweights 
broke  through  their  restraining  wall,  on  occasion,  escaped  from  the  blade  at 
die  tip  and  "shot  up"  the  wind  tunnel  with  steel-cored  lead  bullets  at  a  velocity 
approaching  that  of  a  .  45  calibre  slug.  Coriolis  effects  due  to  the  high 
radial  flow  of  mass  resulted  in  the  blade  hitting  the  aft  lag  stop  hard  enough 
to  do  extensive  damage.  There  were  also  cases,  with  early  versions  of  the 
blade,  of  pockets  slipping  at  the  bond  line  due  to  high  centrifugal  forces  and 
local  pocket  skin  failures  due  to  die  high  frequency  oscillatory  airloads. 
Despite  these  various  mishaps  plus  a  few  cases  of  trailing  edge  damage  from 
rough  human  handling,  the  blades  have  been,  by  a  very  wide  margi the 
most  satisfactory  model  blades  tested  by  Sikorsky,  having  been  exposed  to 
extreme  operating  conditions  of  tip  speed,  forward  speed,  advance  ratio,  lift 
and  propulsive  force  coefficients,  and  vibratory  stresses  and  strains.  As 
opposed  to  test  experience  with  earlier  blades,  which  had  in  some  cases 
extremely  limited  operating  ranges,  there  has  been  essentially  no  difficulty 
operating  the  dynamic  blades  from  zero  iift  to  high  lift  conditions  well  into 
retreating  blade  stall  or  from  a  negative  power,  high  drag  condition  to  a 
high  power,  high  propulsive  force  condition.  Vibratory  stress  limits  used 
with  the  model  blades  have  been  placed  at  approximately  double  the  accepted 
limits  for  full  scale  blades  to  permit  a  thorough  examination  of  extreme 
operating  conditions,  but  no  fatigue  cracks  have  ever  been  observed,  hi  one 
test  in  which  a  non-aiticulatcd  rotor  was  being  investigated  with  the  saute 
blades,  a  vibratory  stress  of  ±  25,000  psi,  a  most  extreme  value  tor 
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aluminum,  was  encountered  for  a  brief  period. 


Hover  Tests 


One  of  the  noteworthy  accomplishments  with  the  blade  was  a 
hovering  test  in  which  maximum  operational  tip  speeds  exceeded  1000  feet 
per  second.  The  maximum  tip  Mach  number  at  which  data  were  obtained 
was  0.95.  This  is  much  higher  than  full  scale  operational  values  and  the 
highest  value  ever  reached  in  any  Sikorsky  test  of  models  or  full  scale 
rotors.  This  test  was  conducted  on  the  Sikorsky  tail  rotor  test  stand 
facility  shown  in  figure  22.  The  rotor  was  a  rather  effective  siren  at 
this  speed;  an  overall  sound  pressure  level  of  130  db  was  recorded  30 
feet  from  the  rotor.  Centripetal  acceleration  at  the  rotor  tip  approached 
8000  "g's",  and  it  was  not  too  surprising  that  some  difficulty  with  pockets 
slipping  along  the  bond  line  was  encountered.  The  purpose  of  this  test  was 
to  increase  hovering  performance  data  over  a  wide  range  of  tip  Mach 
numbers  and  collective  pitch  values  to  permit  derivation  to  two-dimensional 
airfoil  section  characteristics.  In  the  process  of  this  derivation  it  was 
noticed  that  the  resulting  airfoil  data  demonstrated  unrealistically  low  values 
of  lift  curve  slope  at  high  tip  Mach  numbers.  Examination  of  blade  torsional 
moments  from  strain  gage  data  indicated  that  large  torsional  moments  at 
high  Mach  numbers  and/or  at  high  values  of  collective  pitch  were  resulting 
in  a  significant  change  in  blade  twist  and  therefore  a  change  in  effective  pitch 
angle  from  the  nominal  value.  A  plot  of  the  change  in  twist  calculated  from 
strain  gage  measurements  is  shown  ir.  figure  23;  effective  decreases  in  pitch 
angle  as  high  as  5  degrees  were  found.  This  dynamic  twisting  was  confirmed 
with  special  photographic  techniques  by  which  tip  pitch  was  compared  directly 
with  root  pitch  during  test.  When  these  changes  in  collective  pitch  and  blade 
twist  were  taken  into  account  in  the  derivation  of  airfoil  section  data  from 
hovering  performance  measurements,  the  airfoil  data  became  reasonable  for 
the  Reynolds  numbers  of  the  blade. 
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W ind  Tunnel  Tests 


The  purpose  of  obtaining  experimental  airfoil  data  from  hovering 
tests  was  to  permit  theoretical  calculations  of  forward  flight  performance 
for  correlation  with  wind  tunnel  tests  of  the  same  model  rotor.  Both  hovering 
and  forward  flight  tests  in  this  correlation  study  were  supported, in  part, by  a 
U»  S.  Army  Transportation  Research  Command  contract,  results  of  which 
arc  reported  in  Reference  2.  The  rotor  ope  rating  regimes  which  have  been 
investigated  with  these  model  blades  are  shown  in  figure  24  which  presents 
tip  speed  against  forward  speed,  with  solid  lines  of  constant  advance  ratio 
(ratio  of  forward  speed  to  tip  speed)  and  dashed  lines  of  constant  Mach 
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number  at  the  advancing  blade  tip.  The  solid  circles  and  crosses  represent 
conditions  for  which  complete  maps  of  rotor  performance  have  been 
obtained  for  blades  with  twists  of  -8  and  -4  degrees  respectively.  A 
theoretical  performance  map  showing  calculated  rotor  lift,  drag,  and  torque 
as  a  function  of  angle  of  attack  and  collective  pitch  for  one  of  these  conditions 
is  shown  in  figure  25.  The  experimentally  derived  airfoil  section  data 
discussed  previously  were  used  in  this  calculation.  For  comparison,  the 
experimentally  determined  performance  map  for  the  same  condition  is  shown 
in  figure  26.  It  may  be  seen  that  the  test  points  form  curves  which  are  as 
well-defined  and  exhibit  the  same  general  characteristics  as  the  theoretical 
curves.  One  theoretical  line  for  a  collective  pitch  of  12  degrees  is 
reproduced, from  figure  25  on  figure  26  for  direct  comparison.  It  may  be 
seen  that  there  are  some  distinct  differences  between  theory  and  experiment. 
Based  on  the  dynamic  twisting  effects  which  were  encountered  in  hovering,  an 
evaluation  was  made  of  similar  effects  in  forward  flight.  This  was  found  to 
be  considerably  more  laborious  than  in  hovering,  however,  because  the  dynamic 
twisting  as  revealed  by  torsional  strain  measurments  on  the  blade  varied 
continually  with  blade  azimuth  angle  around  the  disk.  When  these  effects  were 
properly  accounted  for,  theory  and  experiment  were  brought  into  substantially 
closer  agreement,  except  that  in  the  theoretically  stalled  region  at  high  rotor 
lifts  a  significant  discrepancy  still  was  observed.  It  has  not  been  determined 
whether  the  dynamic  twisting  in  forward  flight,  as  high  as  ±  5  degrees  in  some 
conditions,  is  due  to  blade  aerodynamic  pitching  moments,  torsion  moments 
resulting  from  flatwise  and  edgewise  bending,  or  a  combination  of  the  two. 
Effects  on  a  full  scale  blade  might  not  be  so  severe,  since  blade  airfoil  shape 
can  be  controlled  to  a  better  extent  full  scale,  and  aerodynamic  pitching 
moments  might  be  relatively  smaller. 

A  typical  overall  performance  comparison  between  theory  and  exper¬ 
iment  is  shown  in  figure  27  in  which  angle  of  attack  and  collective  pitch  have 
been  eliminated  as  variables  by  suitable  crossplots  of  die  basic  performance 
maps.  The  power  required  (torque  coefficient)  is  plotted  as  a  function  of 
rotor  lift  for  two  typical  values  of  rotor  propulsive  force  (two  values  of  ratio 
of  aircraft  parasite  drag  area  f  to  disk  area  tt  R~).  Theory  and  exfxirime.it 
agree  well  up  to  the  theoretically  predicted  rotor  stall  limit,  beyond  which 
theory  becomes  increasingly  pessimistic.  The  reason  for  this  discrepancy 
has  iks  been  identified  as  of  the  date  of  writing  this  paper,  but  may  be 
associated  with  a  spanwisc  boundary  layer  flow  due  to  centrifigal  effects.  A  - 
full  scale  Sikorsky  main  rotor  with  special  surface  pressure  instrumentation 
is  scheduled  for  test  in  die  NASA  Ames  40  by  80  foot  wind  tunnel  in  1964  and 
is  expected  to  provide  an  answer  to  this  problem.  It  is  be  'ieved  certain  that 
experimental  errors  are  not  responsible  for  the  observed  differences  between 
theory  and  experiment.  Figure  28  presents  data  for  die  same  cord  irons 
a  s  figure  26  from  two  test  programs  conducted  16  months  apart  on  different 
but  geometrically  identical  rotor  blades.  Excellent  agreement  is  shown, 

demonstrating  long  term  reliability  and  repeatability  oi  ti*o  data.  The  only 
discernible  difference  between  the  wo  tests  is  a  slight  trend  toward  lower 
torque  required  with  die  ail  metal  blades  due  to  slightly  lower  airfoil  profile 


drag  compared  to  the  paper-pocketed  blades. 

One  important  result  of  the  forward  flight  tests  and  correlation 
studies  is  that  the  effects  of  high  advancing  tip  Mach  number  seem  to  be 
accurately  predictable  with  available  theoretical  techniques.  Figure  29 
presents  a  comparison  between  theory  and  experiment  at  a  constant  lift, 
propulsive  force,  and  forward  speed  as  tip  speed  and  corresponding 
advancing  tip  Mach  number  are  varied.  Except  at  the  left  end  of  the  curve 
where  the  theory  predicts  that  the  rotor  is  stalled,  nearly  perfect  corre¬ 
lation  is  noted  between  experimental  points  (circles)  and  theory  (solid  line) 
up  to  an  advancing  tip  Mach  number  of  1.0.  The  dashed  line  indicates 
what  would  be  predicted  if  airfoil  characteristics  as  affected  by  high  Mach 
number  were  not  included  in  the  calculation.  The  shaded  area,  labeled 
A  (HP/l)  [vi  ,  indicates  the  increase  in  power  per  unit  lift  due  to  Mach 
number  effects,  and  shows  that  as  advancing  tip  Mach  number  is  increased 
beyond  0.9,  a  severe  power  penalty  is  paid. 

In  another  U.S.  Army  TRECOM  sponsored  study,  reported  in 
Reference  3,  calculations  were  made  to  determine  the  optimum  rotor 
geometry  for  a  high  speed  pure  helicopter  and  an  experimental  check  of 
these  predictions  made  with  the  dynamic  model  blades.  It  was  shown  that 
a  blade  of  con  v»’tional  planform  was  close  to  optimum  providing  the  blade 
twist  was  reduce  1  from  the  usual  value  of  -8  degrees  to  approximately  -4 
degrees,  because  of  the  effects  of  twist  on  vibratory  stress  and  consequent 
blade  life  at  high  speeds.  The  predictions  in  general  were  confirmed  by  the 
dynamic  blade  tests,  which  also  showed  the  effects  of  varying  lift  and  pro¬ 
pulsive  force  on  blade  stresses,  as  shown  by  a  typical  example  in  figure  30. 


Vibration  Tests 


One  experimental  program  that  utilized  the  dynamic  blades  was  a 
measurement  of  rotor  impedance,  important  to  rotary  wing  vibration  theory. 
Because  the  blades  are  hinged  at  the  root  end  and  are  flexible  as  weli,  it  is 
difficult  to  predict  the  vibratory  root  end  shear  reactions  of  the  blade  when 
the  rotor  head  is  vibrating  in  various  modes  at  various  frequencies.  To 
determine  the  rotor  impedance  or  effective  resistance  to  such  root  end 
motion,  mechanical  shakers  were  mounted  on  the  rotor  test  rig  to  provide 
a  forced  motion  over  a  range  of  frequencies,  while  the  rotor  was  in  operation 
at  rotational  speeds  of  interest.  Strain  gage  instrumentation  at  the  blade  root 
plus  flapping  and  lag  measurements  were  used  to  resolve  root  end  forces. 
Additional  vibration  research  at  forward  speed  conditions  is  planned  for  the 
near  future  with  a  specially  designed  rotor  head  that  will  measure  root  end 
vibratory  shears  directly.  The  use  of  dynamic  model  blades  for  vibration 
research  in  the  wind  tunnel  is,  of  course,  essential. 
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DYNAMIC  MODEL  BLADE  DESIGNED  FOR  HIGHER 
SIMULATED  FORWARD  SPEEDS 


The  dynamic  model  blades  previously  described  are  capable  of  re¬ 
producing  full  scale  compressible  flow  or  Mach  number  effects,  and  have 
been  extremely  useful  in  helping  to  advance  the  state  of  knowledge  re¬ 
garding  helicopter  rotors.  Because  of  the  high  tip  speeds  utilized, 

Reynolds  numbers  are  reasonably  high  despite  the  small  chord  dimension 
of  the  blades,  and  model  forces  and  moments  produced  are  high  consider¬ 
ing  the  overall  model  size,  thus  facilitating  accurate  measurements.  For 
dynamic  similarity,  however,  forward  speed  of  the  test  must  be  equal  to 
the  simulated  full  scale  forward  speed  condition,  and  the  available  wind 
tunnel  speed  is  limited,  with  the  rotor  test  equipment  installed,  to  a 
little  more  than  160  knots.  This  is  higher  than  current  helicopter 
operational  r-  ?eds  but  less  than  record  speeds.  While  higher  forward 
speed  conditions  can  be  and  have  been  simulated  aerodynamically 
(neglecting  Mach  number  effects)  by  a  reduction  of  model  tip  speeds  to 
less  than  would  be  used  full  scale,  dynamic  similarity  is  lost  because 
aerodynamic  forces  are  reduced  but  blade  stiffness  is  not.  Thus  in  figure 
24  operation  of  the  model  rotor  at  160  knots  and  an  advance  ratio  of  1.0 
with  a  low  value- of  advancing  tip  Mach  number  corresponds  to  operation 
at  300  knots  at  the  permissible  advancing  tip  Mach  number  of  0.9.  With 
dynamic  similarity  lost,  however,  such  test  results  could  be  very  mis¬ 
leading  with  regard  to  blade  dynamic  behaviour.  Consequently  it  was  con¬ 
sidered  necessary  to  develop  a  new  blade  model  which  would  permit 
dynamic  similarity  at  reduced  tip  speeds  and  thus  permit  higher  simulated 
forward  speeds  with  realistic  elastic  effects.  Mach  number  similarity 
had  to  be  sacrificed,  but  as  was  mentioned  in  the  section  on  results  of  tests 
of  the  first  blades,  the  Mach  number  effects  appear  to  be  predictable  with 
available  theoretical  techniques. 

The  speed  potential  of  rotary  wing  aircraft,  in  the  form  of  the  so- 
called  compound  helicopter  configuration  with  wings  and  auxiliary  propulsion, 
is  believed  to  be  at  least  300  knots  and  possibly  as  high  as  400  knots.  As 
pointed  out  in  Reference  4,  the  performance  characteristics  of  rotors  can  be 
surprisingly  good  up  to  at  least  300  knots.  An  artist's  sketch  of  a  possible 
compound  helicopter  is  shown  in  figure  31.  The  limitation  to  speed  is  no 
longer  retreating  blade  stall  as  it  is  for  the  pure  helicopter,  but  rather , 
rotor  control  problems,  stability  of  blade  flapping  motion,  and  aeroelastic 
flutter  problems  in  the  "reverse  velocity"  region  on  the  retreating  half  of  tire 
disk  where  the  airflow  relative  to  the  local  airfoil  section  is  from  trailing 
edge  to  leading  edge  rather  than  in  the  usual  direction.  At  high  forward 
speeds,  the  tip  speed  of  the  rotor  must  be  reduced  to  avoid  sonic  relative 
velocities  on  the  advancing  tip  and  excessive  power  penalties,  with  the  result 
that  the  advance  ratio  or  ratio  of  forward  to  tip  speeds  increases  rapidly  with 


forward  speed,  up  to  a  value  of  2. 0  or  more  at  400  knots.  In  this 
circumstance,  the  "reverse  velocity"  region  is  very  large,  and  it  is  not 
surprising  that  aeroelastic  effects  predominate. 


Basic  Design 


While  present  main  rotor  design  practice  is  not  necessarily 
optimum  at  such  high  forward  speeds  and  advance  ratios,  it  was  known 
from  prior  studies  that  the  speed  potential  of  the  present  design  is  much 
higher  than  current  operational  speeds.  Thus  it  was  decided  to  keep  the 
same  basic  design  in  the  construction  of  a  new  dynamic  blade  model  for 
high  simulated  speeds,  ensuring  that  the  blade  would  be  satisfactory  at  low 
to  moderate  speeds  and  also  permitting  direct  correlation  of  data  from 
the  two  test  programs.  It  was  desired  to  simulate  a  forward  speed  of  at 
least  400  knots,  a  factor  of  2.5  greater  than  actual  tunnel  speed.  It  was 
realized  that  if  the  blade  were  designed  to  simulate  full  scale  F roude 
number  (gravity  effects  the  same  as  full  scale),  the  simulated  velocity 
would  increase  proportional  to  the  square  root  of  the  scale,  orVB  =  2.83 
for  the  model  in  question.  As  discussed  previously,  gravity  effects  on  the 
rotor  are  not  considered  significant  for  normal  helicopter  operation,  but 
as  full  scale  tip  speed  is  reduced  the  centripetal  accelerations  are  also 
reduced,  so  that  gravity  will  start  to  play  an  increasingly  important  role 
in  rotor  behaviour.  At  extremely  high  advance  ratios,  therefore,  or  for 
rotor  starting  or  stopping  tests,  the  model  rotor  will  have  to  be  oriented 
in  a  horizontal  plane  rather  than  in  a  vertical  plane  as  at  present.  Model 
blades  having  the  proper  full  scale  Froude  number  will  permit  such  tests 
with  exact  gravity  effects,  and  can  also  be  applied  to  a  semi- "free  flight" 
aircraft  model  test  wherein  gravity  effects  are  of  prime  importance  for 
overall  aircraft  dynamic  behaviour  even  at  normal  rotor  tip  speeds.  Thus 
it  was  decided  to  build  the  blades  with  the  stiffness  scaled  down  to  the 
point  where  gravity  effects  were  the  same  as  full  scale.  This  scaling  would 
automatically  permit  simulated  forward  speeds  of  over  400  knots  in  the  UAC 
18  foot  wind  wind  tunnel. 

Referring  to  the  dimensionless  ratios  established  in  the  section 
on  selection  of  design  parameters  for  the  full  scale  Mach  number  blades, 
the  same  ratios  are  required  for  the  new  blade,  except  that  flight  and  tip 
Mach  numbers  are  of  necessity  moved  to  the  "Secondary  Importance"  list, 
and  ratio  (12)  -  £2  ^R/g  or  Froude  number,  is  moved  to  the  "Primary 
Importance”  list.  To  keep  the  ratio  £2  ^R/g  the  same  as  full  scale,  it 
is  obvious  that  rotational  speed  £2  must  lx.'  increased  proportional  to 
the  square  root  of  the  reduction  of  radius  R,  since  there  is  no  convenient 
method  of  controlling  the  acceleration  due  to  gravity  g.  For  a  1/8  scale 
model  £2  must  be  increased  In-  a  factor  of  >/8,  and  tip  speed  UR  there¬ 
fore  is  reduced  by  a  factor  v*o  =2.83  from  the  simulated  full  scale  value. 
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Forward  speed  for  the  model  is  also  reduced  from  full  scale  value  by 
the  same  factor.  Mach  numbers  are  reduced  by  a  factor  of  2. 83,  and 
Reynolds  numbers,  which  were  previously  one  eighth  of  full  scale,  are 
reduced  by  an  additional  factor  of  2. 83. 

Blade  external  geometry  remains  the  same,  and  dimensionless 
ratios  (5)  and  (6)  relating  to  blade  mass  indicate  that  the  mass  distribution 
and  total  weight  of  the  blades  remains  the  same  as  for  the  previous  model. 
Dimensionless  ratio  (7)  relating  to  blade  stiffness,  EI^  /  p  V2r4,  indicates 
that  the  stiffness  EIxx  must  be  reduced  by  a  factor  of  8  from  the  previous 
model  since  has  decreased  by  a  factor  of  8  while  p  and  R  remain  constant. 
The  other  stiffnesses  Elyy  and  G]  obviously  must  also  decrease  by  the  same 
factor.  For  the  new  blade  it  would  have  been  possible  to  take  the  design 
approach  represented  by  figure  4b,  but  the  general  approach  taken  to 
accomplish  the  required  reduction  of  stiffness  was  to  leave  the  moments  of 
inertia  Ixx>  Iyy,  and  j  essentially  the  same  but  reduce  the  moduli  of 
elasticity  E  and  G.  By  leaving  the  shape  of  the  spar  essentially  unchanged, 
the  assembly  jigs  and  trailing  edge  pockets  used  on  the  full  scale  Mach  number 
blade  could  be  utilized.  The  problem  was  therefore  to  find  a  material  having 
the  appropriate  moduli  of  elasticity.  The  value  of  Youngs  modulus  E  for 
aluminum  (  used  in  the  previous  model  blade)  is  10  x  10°,  so  that  the  desired 
value  of  E  for  the  new  spar  was  an  eighth  of  that  value  or  1.25  x  10°.  Un¬ 
fortunately  metals  have  values  almost  universally  much  higher  than  this  and 
common  plastic  materials  have  much  lower  values.  Wood  has  about  the 
right  value  of  E,  but  is  highly  non- isotropic,  with  a  shear  modulus,  G,very 
much  lower  titan  that  required.  The  approach  finally  taken  was  to  combine 
fiberglass,  plastic,  and  paper  fillers  to  tailor  the  characteristics  to  the 
desired  values. 

Detailed  Design  of  Fiberglass  Blades 


The  initial  phase  of  the  design  of  the  fiberglass  blade  was  devoted 
entirely  to  the  development  of  a  spar  whose  flatwise,  edgewise  and 
torsional  stiffness  would  be  1/8  that  of  the  present  metal  dynamic  blade. 
Spar  samples  were  fabricated  using  various  types  of  fiberglass  cloth 
necessary  to  produce  skin  thicknesses  the  same  as  those  in  the  metal  spar. 
These  materials  were  at  first  molded  over  the  same  contoured  die  used  in 
forming  the  aluminum  leading  edge,  but  where  the  aluminum  has  a  tendency 
to  spring  out  after  forming,  the  fiberglass  components  tend  to  spring  in 
with  a  resulting  shape  of  unsatisfactory  contour.  This  was  also  true  in  the 
layup  of  the  U-Section.  Both  dies  were  built  up  gradually  until  proper  con¬ 
tour  was  attained.  Additional  spars  were  made,  initially,  with  the  fibers 
of  all  layers  in  the  same  direction  such  as  0°,  90°  and  45°,  and  secondly, 
in  combinations  to  see  if  isotropic  characteristics  could  be  established.  A 
spar  with  an  average  stiffness  in  the  required  directions  approximately 
1/4  that  of  the  metal  blade  was  the  most  flexible  that  resulted  from  these 


trials. 


A  sandwich  construction  varying  layers  of  fiberglass  with  layers 
of  cloth  mat  as  a  filler  showed  that  lower  values  of  stiffness  could  be 
obtained.  However,  the  overall  surface  finish,  because  of  the  inconsistency 
in  the  cloth  mat,  was  very  bumpy. 

A  cotton  cloth,  pellon,  was  substituted  for  the  cloth  mat,  but  the 
surface  imperfections  were  still  present.  A  special  quality  paper,  used  in 
stenciling  because  of  its  high  absorption  rate  was  tried  next  and  produced 
excellent  results. 

While  various  methods  in  the  construction  of  the  spar  were  being 
investigated,  special  attention  was  being  made  to  determine  what  effects 
the  other  blade  components  would  have  on  the  overall  stiffness  of  the  blade. 
Whereas  the  components  had  negligible  effect  on  the  metal  blade  stiffness, 
they  now  contributed  increases  of  25%  flatwise,  33%  edgewise  and  10% 
torsionally  to  the  stiffness  of  the  fiberglass  blade.  This  changed  the  re¬ 
quirements  for  the  spar  design.  To  arrive  at  a  blade  1/8  the  stiffness  of 
the  metal  blade  requires  a  fiberglass  spar  with  stiffness  approximately 
1/11  edgewise,  1/10  flatwise  and  1/9  torsionally  of  those  of  the  metal 
blade.  Since  special  thicknesses  of  fiberglass  cloth  which  are  required  to 
fabricate  this  spar  were  not  immediately  available,  the  first  set  of  blades 
made,  with  the  materials  on  hand,  resulted  in  an  overall  scaled  stiffness 
of  1/6  the  metal  blade.  Even  though  the  gravity  effects  obtained  at  this 
higher  stiffness  are  not  exactly  the  same  as  full  scale,  these  blades  permit 
simulated  forward  speeds  approaching  400  knots  in  the  wind  tunnel.  At  the 
date  of  writing  of  this  paper,  these  blades  have  been  completed  but  not  yet 
tested  and  the  exact  Froude  number  blades  are  in  the  construction  stage. 

The  weight  of  the  composite  fiberglass  and  paper  spar  is  only 
40%  that  of  the  metal  spar.  Since  the  mass  distribution  and  total  weight 
of  both  blades  must  remain  the  same,  special  rubber  plugs,  contoured  to 
the  inside  dimensions  of  the  spar,  were  bonded  at  one  inch  intervals  along 
the  length  of  the  blade  to  offset  this  difference  in  spar  weight  and  produce 
the  same  mass  distribution  per  inch  as  the  metal  blade.  These  plugs  were 
designed  so  that  their  center  of  gravity  was  slightly  forward  of  the  quarter 
chord  of  the  section.  This  nose-heavy  contribution  to  the  blade  section 
balance  was  necessary  to  offset  a  modification  in  the  counterweight  design. 
The  steel -reinforced  solder  counterweights  used  on  the  metal  blade,  if 
bonded  to  the  fiberglass  blade,  would  result  in  a  50%  increase  in  the  edge¬ 
wise  stiffness  of  the  spar.  By  using  short  lengths  of  plain  lead  with  gaps 
of  0. 1  inch  between  adjacent  weights  this  increase  in  edgewise  stiffness 
could  be  reduced  to  10%  because  of  the  low  modulus  of  elasticity  of  lead 
and  the  lack  of  spanwise  continuity.  The  loss  in  counterbalance  weight 
caused  by  the  gaps  is  compensated  by  the  nose  heavy  unbalance  of  the 
rubber  plugs. 
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The  pockets,  tip  cap,  tip  block,  and  root  block  are  the  same  as 
those  used  on  the  metal  dynamic  blade,  with  only  minor  changes  in¬ 
corporated  to  facilitate  their  construction  and  assembly.  The  appearance 
of  the  assembled  blade  is  identical  to  the  aluminum  spar  blade  except  for 
the  color  of  the  spar.  When  picked  up.  however,  the  "feel"  of  the  blade 
is  substantially  different  because  of  the  greatly  increased  bending  flexibility. 

It  was  noted  that  the  root  end  mass  was  higher  than  desired  for 
the  metal  blades,  because  of  the  inability  to  scale  down  the  feathering  bearing 
system  size  and  still  carry  the  centrifugal  loads  With  the  newer  blades  de¬ 
signed  for  lower  tip  speeds,  however,  centrifugal  loads  are  greatly  reduced. 

A  new  lightweight  feathering  system  has  been  built  for  the  new  blades  that 
provide  the  properly  scaled  weight. 

Small  Scale  Tests 


As  stated  previously,  the  new  model  blades  have  been  completed 
but  not  tested  when  this  paper  was  written.  A  somewhat  similar  blade  on 
a  smaller  scale  has,  however,  been  developed  and  tested  by  United  Aircraft 
Research  Laboratories  and  reported  in  Reference  5.  This  blade  represents 
a  1/18,  rather  than  1/8,  scale  of  the  S-56  main  blade,  providing  a  rotor 
diameter  of  4  feet.  This  blade,  also  built  to  have  the  proper  full  scale  Froude 
number,  was  constructed  by  the  approach  represented  schematically  in  figure 
4b.  Details  of  blade  construction  are  shown  in  figure  32.  Flatwise  bending 
and  torsional  stiffness  were  properly  scaled,  but  no  attempt  was  made  to 
provide  the  proper  edgewise  stiffness,  nor  was  a  lag  hinge  used  on  the  rotor 
head.  Xhe  justification  for  this  was  that  it  was  an  exploratory  program  of 
investigation  of  high  forward  speed  conditions,  and  it  was  considered  that 
the  blade  flapping  motion  combined  with  flatwise  bending  and  torsional 
flexibilities  predominate  in  the  overall  aeroelastic  behaviour  of  the  blade. 

These  blades  have  been  tested  in  the  UAC  4x6  foot  subsonic  wind 
tunnel  over  a  wide  range  of  test  conditions,  up  to  tunnel  speeds  of  100  miles 
per  hour  (corresponding  to  a  simulated  full  scale  speed  of  over  350  knots) 
and  have  provided  extremely  valuable  data  for  both  correlating  with  new 
theory  for  rotor  behaviour  at  high  speeds  and  for  guiding  the  test  program 
to  be  conducted  with  the  9  foot  diameter  rotor  model.  An  example  of  data 
obtained  with  the  4  foot  diameter  model  is  shown  in  figure  33  which  shows 
operating  stability  limits  determined  experimentally  and  correlation  with 
theoretically  predicted  limits.  As  may  be  seen,  there  is  excellent 
qualitative  agreement,  and  it  is  expected  that  future  refinements  in  theory 
as  well  as  in  experimental  data  will  provide  still  greater  confidence  in  the 
ability  to  predict  high  speed  rotor  characteristics. 


467 


CONCLUDING  REMARKS 


The  effort  devoted  to  the  development  of  dynamic  model  rotor 
blades  at  Sikorsky,  while  sometimes  slow  and  painstaking,  is  believed 
to  have  been  well  repaid  in  terms  of  the  advancement  in  the  state  of 
knowledge  resulting  from  the  tests  they  have  permitted.  It  is  expected 
that  they  will  continue  to  be  used  in  many  future  research  projects.  It 
is  of  interest  to  note  that  some  of  the  construction  and  static  test 
techniques  first  used  on  the  model  blades  are  finding  application  in  the 
construction  of  new  full  scale  blades.  It  is  likely  that  the  development 
of  certain  new  blades  will  be  preceeded  by  tests  of  model  blades 
dynamically  scaled  from  the  full  scale  design.  Specifically,  the  use  of 
dynamic  model  blades  is  believed  to  be  essential  to  the  successful  de¬ 
velopment  of  a  compound  helicopter  in  the  300  to  400  knot  category  or 
a  retractable  rotor  convertiplane  for  much  higher  forward  speeds. 
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TABLE  I  -  SCALING  RATIOS 


Model  linear  dimension  =  1/S  x  full  scale  linear  dimension 

(Numerical  values  correspond  to  1/8  scale  model) 

I  Subscript  m  -  model 

Subscript  fs  -  full  scale 

Parameter 

Full  Scale 

Full  Scale 

Mach  Number  Blade 

F  roude  Number  Blade 

Radius  &  other  linear  dimensions 

1/S 

a/s) 

1/S 

a/8) 

^m/Rfs 

Areas-  Am/Afs 

1/S2 

a/64) 

1/S2 

a/64) 

Mass  per  unit  length  mm/mfs 

1/S2 

(1/64) 

1/S2 

0/64) 

Total  mass  M^/M^g 

1/S3 

a/512) 

1/S3 

0/512) 

Stiffness  Elxxm/Elxxfs,  etc. 

1/S4 

a/40%) 

1/S5 

0/32,768) 

Angula  r  velocity  &jn/  £1  fs 

S 

(8) 

SS 

(2. 83) 

Linear  velocities  (SlR)m/(Q.R)fs, 

1 

a) 

ws 

(0.353) 

Vm/Vfs 

Mach  number  Mm/Mfg 

1 

(1) 

l/VS 

(0. 353) 

F roude  number 

(fl2R/g)m/(  n2R/g)fs 

S 

(8) 

1 

a) 

Reynolds  number  RNm/  RN^S 

i/s 

a/s) 

l/si 

(.  044) 

Output  forces  Fm/Ffs 

1/S2 

(1/64) 

l/S3 

(1/512) 

Output  moments  Mom.  m/Mom.  fs 

1/S3 

a/512) 

l/S4 

(1/40%) 

Output  elastic  strains  cm/  c 

1 

(1) 

l 

(1) 

Natural  frequencies  o^/uj^ 

s 

(8) 

Vs 

(2.83) 

V 

V W >v,v, 


(a)  FULL  SCALE  BLADE  STRUCTURE  AND  POSSIBLE 

MODEL  STRUCTURE 


lb)  POSSIBLE  APPROACH  TO  MODEL  STRUCTURE  FOUND  NOT 
SUITABLE  FOR  FULL  SCALE  MACH  NUMBER  BLADE 


FIG.  4.  BLADE  CROSS  SECTION  SHAPE 


NCHES*  x  10*’  I„,  INCHES4  x  ICT*  AREA,  INCHES 


RADIUS  RATIO,  r/R 


FIG.  9.  COMPARISON  OF  MODEL  8  PROTOTYPE  PHYSICAL  PROPERTIES 
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FIG.  II.  JIGS  AND  COMPONENTS  USED  IN  CONSTRUCTION  OF  SPAR 


BLADE  IN  JIG  READY  FOR  BONDING 
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l  a  i  gvjk  gv  r.  r.  r.  gvrv,  a.  r.  1L  ^  ^  r.  r.  jf  ^  y^jt. 


FIG.  15.  TORSIONAL  CREEP  TEST 


*  VY 


»n 


COMPONENTS  AND  JIGS  USED  IN  CONSTRUCTION  OF  POCKETS 


BLADE  ROOT  END  INSTRUMENTATION 


SCALE  MODEL  BLADE  RESULTS 
STRESS  READINGS  IN  FLIGHT 
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G.  21.  COMPARISON  OF  STRESSES  RECORDED 
IN  FLIGHT  AND  ON  SCALE  MODEL  BLADE 
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Nominal  Collective  Pitch,  9  Deg. 

FIG.  23.  EXPERIMENTAL  DYNAMIC  BLADE  TWIST  IN 
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FIG.  25.  CONCLUDED 
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FIG.  27.  COMPARISON  OF  THEORETICAL  AND 
EXPERIMENTAL  ROTOR  PERFORMANCE 
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DYNAMIC  MODELS  FOR  LOW  CYCLE  FATIGUE 

W.  H.  Roberts 
K.  Walker 

Northrop  Corporation 
ABSTRACT 

Aeroelastic  and  dynamic  models  are  a  practical  way  to  improve  aerospace 
and  vehicle  safety  and  reliability  while  providing  significant  economies  in 
resources  and  reduction  in  full  scale  ground  and  flight  testing.  Progress 
in  applying  the  models  to  fatigue  problems  of  two  types,  specimens  and  com¬ 
plex  structures,  is  presented.  The  tire  of  present  fatigue  probems  is 
explored,  in  particular,  the  link  between  fatigue  and  dynamic  loads  of  both 
high  and  low  frequency.  Fatigue  damage  has  been  severe  and  the  problem 
requires  complete  reassessment.  The  failures  experienced  are  not  because 
the  state-of-the-art  is  misapplied,  but  because  it  is  inadequate.  The 
problem  contains  several  layers  of  complexity  beyond  the  present  methods. 

The  probability  of  failure  increases  radically  in  the  early  life  of  a  part 
when  a  typical  load  history  is  considered.  High  frequency  dynamic  load  com- 
ponentsadded  to  slowly  varying  static  loads  lead  to  a  further  increase  in 
probability  of  failure.  Because  of  this,  the  structural  dynamicist  has  a 
key  role  to  play  and  must  adopt  this  problem  area  as  a  major  responsibility 
since  his  inadequacies  appear  to  be  a  factor  in  lack  of  reliability. 

For  low  cycle  fatigue,  the  models  may  be  applied  in  real  time  or  in 
scaled  time.  The  accuracy  required  for  dynamic  response  is  very  high,  but 
that  required  for  fatigue  scaling  is  higher  still.  Principal  advantage  of 
the  models  is  their  capability  to  handle  all  aspects  of  the  static  and 
dynamic  loads  simultaneously,  including  thermal  loads.  The  models  represent 
an  engineering  design  tool  available  for  application  in  the  early  design 
stage.  That  structural  load  paths  are  not  available  in  exact  detail  is  not 
a  problem  since  equal  fatigue  quality  in  terms  of  the  stress  concentrations 
can  govern  the  approach.  Model  shortcomings  for  fatigue  scaling  are  brought 
out,  and  ways  to  circumvent  these  are  discussed. 
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and 

K.  Walker 


INTRODUCTION  AMD  SUMMARY 

Engineering  analysis  includes  analysis  of  engineering  structural  failure. 
The  approach  may  be  so  simple  and  straightforward  as  "if  it  doesn't  work, 
change  it”  to  a  vital  interest  in  determining  whether  there  is  genuine  error 
in  design  or  execution,  a  failure  to  understand  the  fundamentals,  the  environ¬ 
ment,  or  to  foresee  consequences,  or  a  lack  of  appreciation  for  the  depth  and 
complexity  of  the  problem.  An  extensive  history  of  failure  has  been  connected 
with  the  fatigue  problem  for  approximately  two  decades  and  much  time,  money 
and  weapons  effectiveness  have  been  lost.  Damage  has  truly  been  excessive  in 
areas  of  acoustic  fatigue  and  fatigue  of  basic  structure.  Concern  in  this 
paper  will  be  with  low  cycle  fatigue. 

Research  to  develop  the  dynamic  model  as  a  tool  for  study  has  shown  a 
promising  approach.  The  dynamic  model  is  useful  for  low  cycle  fatigue 
studies  as  well  as  other  basic  fatigue  problems.  The  technique  includes 
engine  scaling,  thermal  scaling,  and  is  effective  to  the  high  frequencies 
characteristic  of  the  acoustic  excitation. 

Recently  uncovered  characteristics  of  fatigue  most  probably  related  to 
the  extensive  service  failures  are  presented.  The  need  for  the  proposed 
tool  is  examined  and  the  results  of  the  scale  model  testing  is  given.  The 
level  of  complexity  is  well  beyond  the  state-of-the-art  leading  to  the  con¬ 
clusion  that  the  cause  of  the  service  problems  was  failure  to  understand 
certain  fundamentals  developed  in  recent  research.  Satisfactory  coverage  of 
the  many  aspects  of  the  problem  requires  solutions  in  the  interdisciplinary 
areas  which  link  dynamics,  structures,  fatigue,  and  the  new  aero  and  acoustic 
loadings. 


OBJECTIVE 


The  objective  of  this  paper  is  to  relate  some  extensive  model  research 
and  development  to  the  low  cycle  fatigue  problem.  Experimental  and  analytical 
studies  were  conducted  on  panels  subjected  to  acoustic  fatigue  and  on  the 
vibroacoustic  response  of  complex  structure.  The  ultimate  purpose  of  the  model 
technique  is  to  speed  the  design  process  by  allowing  structural  qualification 
to  proceed  using  the  models  during  the  design  period,  to  lessen  requirements 
for  full  scale  facilities  and  to  reduce  over -all  and  full  scale  test  expense. 
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aMMi^ 


LOW  CYCLE  FATIGUE 


Hie  Low  Cycle  Fatigue  Subcommittee  of  the  ASME  Research  Committee  on 
Prevention  of  Fracture  in  Metals  has  defined  low  cycle  fatigue  as  failure 
in  approximately  100,000  cycles  or  less*.  Plastic  deformation  on  the 
macroscopic  scale  occurs  during  low  cycle  fatigue  as  contrasted  to  the  pre¬ 
dominantly  elastic  deformation  which  takes  place  in  high  cycle  fatigue 
where  plastic  deformation  exists  only  on  a  microscopic  scale.  The  committee 
has  been  in  operation  approximately  seven  years  and  has  accomplished  the 
following: 


•  A  definition  of  low  cycle  fatigue  was  completed 

•  A  survey  of  current  practice  was  made 

•  A  composite  list  of  problem  areas  was  assembled 

•  Assignments  to  participating  individuals  is  in  process 


lhe  industries  surveyed  included: 


•  Naval  reactor  pressure  vessel  field 

•  Atomic  energy  industry 

•  Ordnance  and  heavy  equipment  industry 

•  Ships  and  submarines 

•  Pressure  vessel  and  chemical  industry 

•  Space  ana  airframe 

•  Turbine 


Hie  list  of  problem  areas  consists  of: 

1.  Mean  stress 

2.  Biaxial  stress 

3.  Environmental  deterioration  from  radiation,  corrosion, 

humidity,  vacuum,  etc. 

4.  Ratcheting 

5 .  Frequency 

6.  Nucleation 

7.  Crack  propagation 

8.  Cumulative  damage 

9.  Combined  stress 

10.  Strain  concentration 

11.  Metallurgical  variables 

12.  loss  in  strength 

13 .  Residual  stress 

14.  Shop  practice 

15.  Structural  configuration 


*  When  faced  with  such  an  arbitrary  definition  as  this,  the  question  arises 
as  to  how  it  was  chosen.  Hie  fatigue  mechanism  is  truly  divided  into  two 
separate  failure  mechanisms  which  are  reasonably  discrete.  Appendix  A 
contains  these  descriptions. 
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16. 

Compression  fatigue 

17. 

Simple  tests 

18. 

Random  load 

19- 

Wave  shape 

20. 

Temperature 

21. 

Welds 

22. 

Inconsistent  experimental  data 

23. 

Interaction 

Low  cycle  fatigue  is  characterized  by  yielding  and  creep  generally  throughout 
the  material — actions  which  are  amplified  at  points  of  strain  concentration. 
The  creep  arises  from  high  stresses  and  depends  on  the  wave  shape  of  the  loc-d- 
time  history.  If  held  at  the  peak  stress  for  longer  periods  the  material 
exhibits  greater  creep  and  damage. 

The  subcommittee  states  that  criteria,  data  and  procedures  are  not 
available  for  dealing  with  the  problem.  So  many  variables  interact  in  vary¬ 
ing  degree  for  different  designs  that  no  one  program  would  answer  the  low 
cycle  fatigue  problem.  No  one  problem  area  was  acceptable  on  an  industry¬ 
wide  basis  as  "the"  most  critical. 

It  is  interesting  to  note  the  various  approaches  used  in  different 
industries — approaches  dictated  to  some  degree  by  the  particular  problem 
faced  by  that  industry.  Three  categories  of  design  procedure  were  noted: 

•  Service  experience 

•  Simulated  service,  i.e.,  component  test 

•  Analytical  approach 

High  volume  production  in  the  automotive  industry  led  to  heavy  reliance  on 
service  experience.  Detailed  structural  analysis  was  employed  in  the 
nuclear  reactor  pressure  vessel  field  because  of  a  lack  of  any  prior  back¬ 
ground  in  the  problem.  In  the  space  and  air'rame  industry  due  to  small 
margins  of  safety,  simulated  service  tests  are  always  necessary  on  full  scale 
hardware.  The  committee  states  that  when  design  procedures  are  not  developed 
very  completely,  emphasis  is  placed  ou  service  experience  and  engineering 
Judgment.  The  committee  recommends: 

•  Materials  with  large  rupture  ductility 

•  Reduced  strain  concentrations 

•  Reduced  steady  and  alternating  loads 

•  Reduced  thermal  loads,  in  particular 

Considering  the  failure  history  due  to  fatigue  and  the  importance  of 
the  problems  involved,  this  approach  based  on  service  experience  and 
engineering  judgment  is  veak  and  Inadequate.  In  its  place  let  us  examine 
recent  progress  in  understanding  some  of  the  characteristics  of  fatigue 
and  the  dynamic  model  for  use  in  the  design  stage. 
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GENERAL  NATURE  OF  FATIGUE 


Recent  studies  show  a  fascinating  group  of  characteristics  of  the 
fatigue  problem  which  are  not  part  of  norma.!  engineering  analysis.  These 
are  relayed  in  part  to  show  the  many  layers  of  complexity  in  fatigue  which 
support  and  establish  the  need  for  a  new  approach.  A  number  of  these 
characteristics  of  importance  are  outlin'd!. 

A  basic  correlation  has  been  provided  by  Plan  aM  D’ Amato,  Ref.  1, 

Fig.  1,  which  lies  wholly  within  the  low  cycle  fatigue  area.  This  classic 
contribution  shows  that  the  fundamental  mechanism  is  strain  cycling.  For 
different  materials,  different  loadings  including  temperature  fatigue,  a 
correlation  was  exhibited  from  which  Coffin’ s  equation  was  derived.  The 
slope  of  this  curve  is  minus  l/2.  Coffin’ s  equation  is 

•  constant  (Ref.  2) 

Presented  in  the  usual  way  with  reference  to  stress,  no  correlation  would 
appear. 

One  characteristic  of  interest  to  the  dynamicist  is  the  instability 
which  describes  failure  in  sheet  material.  Fig.  2  shows  a  stability 
boundary  on  a  plot  of  stress  versus  crack  length.  The  instability  occurs 
when  the  strain  energy  stored  in  the  material  overshadows  the  energy 
required  to  catastrophically  unzipper  the  material.  Between  the  yield  and 
the  ultimate  strength,  the  failures  deviate  from  the  stability  boundary  in 
much  much  the  same  way  that  the  buckling  criterion  for  a  slender  column 
deviates  from  its  stability  boundary.  A  graphical  analogy  between  the  shape 
of  the  two  stability  boundaries  is  to  be  noted.  Data  from  an  ASD  research 
program.  Ref.  3,  has  been  correlated  by  means  of  the  concept. 

Probably  the  single  most  important  characteristic  of  fatigue  for  the 
dynamicist  to  bear  in  mind  is  the  damage  due  to  random  loading.  Fig.  2 
shows  Freudenthal*  s  experimental  data  for  steel  and  aluminum  where  cumulative 
damage  fractions  as  low  as  0.1  are  reached  for  steel  and  0.2  for  aluminum. 

The  intimate  intermixing  of  high  and  low  loads  characteristic  of  random  loads 
completely  invalidates  the  Miner’ e  Rule  concept  and  leads  to  an  order  of 
magnitude  increase  in  damage.  The  diagram  shows  a  2:1  difference  between 
steel  and  aluminum  in  regard  to  their  sensitivity  to  random  loading.  The 
better  performance  of  aluminum  in  this  regard  is  noteworthy  and  could  be 
quite  worthwhile.  In  the  low  cycle  fatigue  area,  the  cumulative  damage 
fraction  decreases  aa  the  number  of  cycles  increase.  The  limitation  on  this 
result  is  that  it  was  obtained  on  unnotched  structure.  Experience  on  full 
scale  structures  shows  the  random  sensitivity  may  not  be  so  severe. 

These  same  extremely  low  emulative  damage  fractions  arise  as  well  in 
Valluri’s  engineering  theory  of  fatigue,  Ref.  5,  Fig.  3.  Using  as  an 
hypothesis  of  crack  propagation,  d//dn  «*  constant,  the  theory  shows  damage 
fractions  as  low  as  0.2  in  aluminum.  The  figure  describes  the  calculated 
life  under  two  step  fatigue  where  fully  reversed  loading  at  one  stress  is 
followed  by  a  change  to  another  higher  or  lover  stress  which  is  carried  to 
failure  The  more  damaging  case  is  when  the  high  load  follows  the  low  load 
and  when  the  ratios  <T is  large. 


An  agreement  in  form  between  the  experimental  data  and  the  theory  is 
presented,  in  Pig.  4.  A  cross  plot  of  the  theoretical  data  shows  the  trend 
of  the  theory  agrees  with  that  of  the  experiment.  The  Valluri  theory  is 
substantiated  in  much  more  direct  and  concrete  ways  than  by  these  data. 

The  point  of  interest  here  is  the  agreement  between  theory  and  exp  riment 
regarding  sensitivity  to  random  loading.  The  conditions  surrounding  the 
inputs  to  the  two  studies  was  considerably  different  and  closer  study  is 
not  warranted.  The  point  of  greatest  sensitivity  to  random  load  ie  in  the 
area  of  10°  or  10?  cycles  which  is  outside  the  area  of  low  cycle  fatigue. 

The  cumulative  damage  fraction  rises  to  either  side  of  this  low  point. 

Another  important  characteristic  of  fatigue  is  the  loss  in  strength 
which  occurs  as  the  damage  proceeds.  Loss  in  strength  follows  from  the 
existence  of  the  stability  boundary.  A  family  of  curves  may  be  added  to  the 
s-N  curve  defining  this  change.  Where  it  was  previously  held  that  the  loss 
hx  strength,  if  it  existed  at  all,  was  a  negligible  quantity  the  theory  has 
sufficient  substantiation  to  cause  the  older  idea  to  be  discarded.  On  the 
same  plot,  the  damage  density  and  the  load  history  may  be  presented  for  an 
all  round  view  of  the  phenomenon  in  each  given  case.  The  damage  density  is 
measured  approximately  by  dividing  the  number  of  applied  loads  at  any  given 
stress  by  the  number  that  would  cause  failure.  Three  different  damage 
density  curves  are  illustrated  in  the  sketch. 


Various  Type  Damage  Density  Curves 
Sketch  1 


It  may  logically  be  argued  that  whenever  the  damage  is  confined  to  a  narrow 
stress  band,  as  in  curves  of  type  A  and  C,  the  cumulative  damage  must  be 
near  unity.  The  s-ff  curve  was  generated  in  .Just  this  way.  It  follows  that 
sensitivity  to  random  damage  accompanies  a  damage  density  curve  of  the  type 
B  and  further  that  the  lover  the  curve  lies  along  the  stress  axis,  the  lower 
is  the  cumulative  damage  fraction.  An  explanation  for  the  upward  curvature 
of  the  cumulative  damage  curve  at  extremely  high  cyeles.  Pig.  2,  would  seem 
to  be  due  to  the  fact  that  the  damage  density  must  ultimately  approach  the 
type  C  curve. 

There  is  a  reluctance  on  the  part  of  some  to  accept  the  loss  in  strength 
concept,  the  argument  being  that  the  bulk  of  structural  failure  seems  not  to 
support  the  point.  The  stability  boundary  graph.  Pig.  2,  contributes  signifi¬ 
cantly  to  clarifying  this  point,  A  crack  begins  at  a  certain  stress  level  and 
proceeds  to  grow.  Its  locus  on  the  diagram  may  follow  any  possible  path  to 
failure-failure  is  indicated  by  intersecting  either  the  strength  boundary  or 
the  stability  boundary.  The  usual  failures  are  strength  failures  while  the 
stability  failure  is  rare,  although  serious  instabilities  have  occurred  in 
service. 


The  loss  in  strength  concent  has  been  presented.  Fig.  9,  by  Blatherwick, 
Ref.  6,  in  the  more  conventional  sense  via  the  stress  strain  curve.  A 
material  was  used  in  this  case.  The  stress  strain  curve  cannon  be  regarded  as 
a  stationary  characteristic  of  the  material — merely  an  extreme  case  applicable 
to  virgin  material.  Once  stressed,  any  further  reference  to  this  singular 
characteristic  could  be  misleading. 

If  the  loss  in  strength  is  such  a  prominent  part  of  the  damage  it  is 
reasonable  to  ask  whether  the  material  undergoes  an  analogous  loss  in  stiff¬ 
ness.  Fig.  9  shows  such  loss  at  the  higher  stresses.  Attempts  to  examine 
for  loss  in  modulus  showed  no  change.  A  third  type  loss  in  stiffness  was 
examined  in  Ref.  8. 


Experience  with  fatigue  failures  in  model  scale  shows  that  the  crack 
propagation  rate  does  not  scale.  By  scaled  crack  propagation  is  meant  that 
following  a  certain  number  of  cycles  a  crack  having  advanced  a  certain 
distance  across  full  scale  structure  would  advance  a  proportionate  amount 
in  model  scale,  see  Sketch  2. 
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This  particular  action  would  be  consistent  or  predicted  by  the  s-N  curve 
for  example.  Since,  however,  the  crystalline  and  atomic  structure  are  the 
same,  the  same  materials  having  been  used,  and  because  the  stress  levels  are 
the  same  at  corresponding  points,  the  crack  progresses  at  nearly  the  same 
rate  in  full,  and  model  scale.  The  stress  gradient  is  different  in  the  two 
structures  leading  to  a  compromise  between  the  two  basic  descriptions. 


This  nearly  constant  crack  propagation  causes  disproportionately  rapid 
cracking  in  model  structures  and  leads  to  early  failure.  This  is  an 
important  finding  and  shows 

•  The  s-N  curve  is  not  a  fundamental  presentation  of  fatigue 

•  Some  of  the  scatter  in  fatigue  testing  is  a  result  of  this 

new  size  effect 

•  Small  parts  or  thin  gauge  material  has  a  greater  suscepti¬ 

bility  to  failure 

Hardrath  has  verified  the  existence  of  nearly  constant  crack  propagation  in 
the  Langley  data. 

Another  characteristic  of  random  damage  is  a  lowered  endurance  limit 
in  the  presence  of  random  loading.  The  occasional  high  load  interspersed 
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among  the  low  loads  generates  dislocations  which  move  to  the  grain  boundaries 
under  the  action  of  the  many  low  loads.  This  element  of  random  damage  is  not 
a  feature  of  low  cycle  fatigue  however.  The  aspects  of  random  damage  are 

•  The  cumulative  damage  fraction  is  reduced  by  an  order  of 

magnitude 

•  Loss  in  strength 

•  Loss  in  stiffness 

•  Lowered  endurance  limit 

•  Sensitivity  of  small  parts 

The  random  loading  and  the  loss  in  strength  may  be  combined  mathematically 
to  obtain  a  probability  of  failure.  One  inherently  has  in  mind  that  the  proba¬ 
bility  of  failure  should  hold  to  some  extremely  low  value  through  mo6t  of  the 
life  of  a  part  and  then  rise  toward  the  end  of  the  life.  Actual  calculations 
show  otherwise.  The  probability  of  failure  rises  many  orders  of  magnitude  in 
the  early  life.  Fig.  7  and  8.  If,  in  addition,  a  small  high  frequency  dynamic 
load  component  is  added  to  a  slowly  varying  static  load  component,  the  proba¬ 
bility  of  failure  increases  another  order  of  magnitude.  Further  increases 
would  result,  were  more  loading  components  acting. 

Recent  studies  of  combined  static  and  dynamic  loads  show  ample  number 
of  cases  in  which  several  different  type  loads  combined  to  cause  failure 
where  neither  alone  would  dominate  the  loading.  Various  dynamic  loads  were 
prominent  in  these  failures  such  as  the  acoustic  loading  or  pseudo-acoustic 
loadings  such  as  separation  or  reattachment,  oscillating  shock,  and  wakes. 

Fig.  10  is  a  presentation  of  some  of  the  characteristics  of  these  loadings. 

The  scale  of  turbulence  is  everywhere  large  relative  to  the  size  of  the 
structural  elements,  except  for  the  turbulent  boundary  layer.  This  is 
a  necessary  ingredient  in  the  failures  in  order  to  excite  the  fundamental 
modes  of  structural  elements.  The  mode  of  failure  was  low  cycle  fatigue  in 
many  instances.  Failures  were  found  in  the  brief  two  second  period  spent  at 
maximum  dynamic  pressure  or  transonic  flight  in  certain  missiles,  during  a 
single  impulsive  load  occurring  during  the  transition  from  separated  to 
attached  flow,  or  in  a  matter  of  an  hour  in  engine  inlet  air  ducts  of  air¬ 
craft  due  to  flow  separation  under  full  throttle  operation  at  zero  air 
speed  on  the  ground.  These  occurrences  are  contrary  to  the  expressed  view 
that  failures  are  dominated  by  a  single  loading  component. 

As  a  further  illustration  of  the  complexity,  witness  this  statement 
from  a  Swedish  investigator,  Ref.  9: 

"As  it  is.  never  possible  to  fully  compensate  for  great 
uncertainties  due  to  insufficient  testing  by  lowering  the 
stress  levels,  it  is  concluded  that,  on  the  basis  of  the 
state-of-the-art  foreseeable  today,  it  is  not  possible  to 
guarantee  the  same  fatigue  safety  level  for  an  SST  struc¬ 
ture  as  for  subsonic  aircraft,  even  at  the  expense  of  such 
high  weight  penalties  as  to  render  the  SST  economically 
unfeasible." 


The  researcher  has  reference  to  the  fact  that  new  materials  and  a  new 
temperature  regime  on  SST  will  lead  to  test  data  which  is  statistically 
insufficient  to  provide  reasonable  confidence  limits.  The  weight  penalty 
due  to  the  uncertainty  would  be  higher  than  the  weight  penalty  due  to 
temperature  in  this  case.  While  no  designer  has  ever  consciously  used 
such  a  weight  penalty  because  of  the  uncertainty  factor,  if  mathematical 
rigor  were  the  sole  consideration  governing  the  approach,  such  a  penalty 
would  be  indicated.  On  the  other  hand,  a  very  real  problem  exists  -in 
attempting  to  solve  the  design  problem  of  a  30,000  to  50,000  hour  vehicle 
without  having  data  which  covers  even  a  fair  fraction  of  that  service  life. 

If  we  are  all  satisfactorily  in  agreement  regarding  the  complexity  of 
the  fatigue  problem,  it  is  reasonable  to  ask  what  approach  is  appropriate 
at  this  point.  Analysis  will  obviously  not  be  ready  with  satisfactory 
solutions  to  cover  the  many  major  points  given  above  until  much  more  research 
is  completed  to  identify  the  mechanisms,  formulate  acceptable  models  of  the 
over-all  process  and  pull  the  major  events  into  a  prediction  scheme.  A 
familiar  analogy  is  available  to  draw  on,  however,  at  this  point.  The 
flutter  problem  was  steadily  worsening  in  a  similar  manner  approximately 
a  decade  ago  and  the  flutter  model  technique  was  extended  in  several 
important  ways  to  fill  the  gap. 

A  progress  report  is  given  on  a  special  type  of  dynamic  model  with 
scaling  capability  for  the  various  aspects  of  this  problem. 


A  DYNAMIC  MODEL  FOR  LOW  CYCLE  FATIGUE 
Model  design  and  development  in  two  areas  will  be  presented: 


•  Panels 

•  Complex  structure 

Where  the  same  model  design  principles  are  used  in  each  case,  the  modeling 
principles  consisted  of  item-by-item  structured  scaling,  preserving  scaled 
geometry  and  configuration,  the  same  materials  and  the  same  fastening, 
joining  and  assembly.  This  procedure  leads  to  scaled  environments,  scaled 
structural  characteristics,  scaled  response  and  stress  at  corresponding 
points  of  the  structure,  an  accelerated  time  scale  and  similar  damage 
mechanisms.  The  scaling  process  in  general  will  affect  neither  the 
environments  nor  the  damage  processes  significantly  because  the  structural 
dimensions  of  the  model  structure  are  everywhere  large  relative  to  the  air 
molecules  which  govern  the  environments  or  the  material  atoms  which  govern 
the  damage  mechanisms.  There  are  limitations,  however,  and  these  are  given. 


ACOUSTIC  FATIGUE  OF  PANELS 
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A  program,  Ref .  6,  was  completed  to  determine  the  feasibility  of  using 
dynamic  models  for  acoustic  fatigue  studies.  This  program  was  successful 
in  developing  scaled  hot  jets,  Fig.  11-13,  and  in  demonstrating  scaled  res¬ 
ponse  in  several  different  panel  designs,  Fig.  24  and  15,  and  in  obtaining 
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a  consistent  story  of  expected  failure  times.  Fig.  16.  The  hot  Jet  develop¬ 
ment  made  use  of  the  same  gas,  the  same  temperature  pressure  and  velocity 
ratios  with  resulting  duplication  within  one  DB  of  the  acoustic  excitation 
across  the  entire  frequency  band  in  l/3  and  l/6  scale.  The  high  frequency 
scaling  results  established  the  capability  of  the  modeling  tool  to  the 
highest  frequency  likely  to  be  required.  The  consistent  failure  times 
obtained  reflected  the  early  failure  in  model  scale  intermediate  between 
scaled  and  constant  crack  propagation.  The  next  step  was  the  application 
of  the  technique  in  two  ways 

•  Extension  to  successively  more  complex  structural  components 

•  Junrp  to  complex  built-up  vehicle  structure 

Only  the  latter  has  so  far  been  attempted. 


SCALING  COMPLEX  STRUCTURE 

Two  programs.  Ref.  10  and  11,  have  been  completed  to  scale  complex 
structure  and  to  substantiate  this  scaling  through  measurement  of  acoustic 
transfer  functions  involving  transmitted  response  over  long  dimensions 
through  the  vehicle  and  through  firing  of  scaled  solid  propellant  rocket 
engines  to  duplicate  responses  measured  in  the  full  scale  article.  The 
objective  has  not  been  fatigue  study,  although  this  could  be  obtained  by 
Joining  measured  responses  to  a  satisfactory  damage  evaluation  criterion. 

Rather  the  purpose  has  been  to  scale  vibroacoustic  response— to  solve  the 
high  frequency  response  of  complex  structure.  An  auxiliary  objective 
included  reasonable  model  cost  requiring  some  compromise  in  structure  and 
equipment  simulation. 

The  objective  of  perfect  response  scaling  can  be  met  through  a  perfectly 
scaled  model— to  this  assumption  there  should  be  little  argument.  The  problem 
is  then  one  of  technique  targeted  to  either  near  perfect  scaling  or  one  of 
compromised  scaling  to  meet  a  reasonable  cost. 

Acoustic  transfer  functions  were  measured  using  a  random  air  modulator  for 
input  at  various  stations  along  the  vehicle  and  measurements  of  the  response 
at  other  points  were  taken  in  l/3  octave  bands.  Limited  success  in  comparing 
model  to  full  scale  has  been  obtained— rms  values  of  the  transfer  function  are 
accurate  to  6  DB  standard  deviation,  a  factor  of  two.  Plots  of  the  transfer 
function  across  the  frequency  band  for  model  and  full  scale  would  show  devia¬ 
tions  at  particular  frequencies  which  are  larger  than  this.  In  other  words  the 
success  obtained  concerns  only  the  average  value  across  the  frequency  band  at 
this  stage.  This  is  not  to  say  that  there  were  not  cases  obtained  where  both 
level  and  shape  agreed  across  the  entire  frequency  axis.  The  model  would  be 
insufficiently  accurate,  however,  in  its  present  compromised  form,  were  the 
measured  acoustic  transfer  functions  to  be  used  as  a  criterion.  Scaled  rocket 
engine  firings  have  shown  results  which  are  considerably  better  than  this— 
variation  from  scaled  response  of  only  l/2  this  amount,  3  DB,  a  percentage 
error  of  4($,  a  satisfactory  accuracy  when  compared  to  other  approaches  to 
vibration  prediction. 
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The  objective  of  reasonable  model  cost  has  been  an  interfering  factor 
therefore  and  must  be  discarded.  Typical  compromises  consist  of 

•  Sheet  metal  angles  in  place  of  extrusions 

•  Lesser  number  of  rivets 

•  Internal  clutter  omitted 

•  Equipment  simulated  by  weight  only 

When  this  compromise  associated  with  cost  is  dropped  the  accuracy  should  lie 
in  the  band  ±1-2  DB.  To  accomplish  this  requires  a  vanishingly  small  allowable 
compromise.  For  example,  joints  and  fasteners,  doors  and  many  equipment,  fluid 
and  useful  load  items  will  need  to  be  simulated.  Wiring  might  be  an  item 
reasonably  omitted. 

The  second  program  in  scaling  complex  structure  was  itself  an  attempt 
to  design  improved  accuracy  into  the  model  via  exact  scaling  of  honeycomb 
sandwich  structure.  It  was  proven  in  early  studies  that  a  model  sandwich 
based  on  foam  plastic  was  inadequate  and  an  interference  to  recognizable 
scaled  response.  True  scaling  of  sandwich  structure  was  easily  accomplished 
and  led  to  the  limited  success  reported.  Scaled  solid  propellant  rocket 
engines  have  been  fired  and  responses  and  excitation  measured  at  approximately 
20  points.  The  data  is  under  evaluation  at  present,  but  the  principal  result 
is  essentially  that  given  above,  i.e.,  +3  DB  standard  deviation  .  Scaled  instru¬ 
mentation  is  vital  in  many  areas  because  of  the  effect  of  the  mass  of  ordinary 
instrumentation  at  the  high  frequencies  involved.  Scaled  instrumentation 
requires  one  or  two  gram  instruments,  practical  examples  of  which  are 
commercially  available. 


MODEL  CAPABILITY 

The  dynamic  model  is  a  remarkably  exact  tool  to  perform  structural  qualifi¬ 
cation.  The  many  aspects  of  the  fatigue  problem  presented  in  the  first  half  of 
this  paper  would  be  satisfactorily  covered.  Important  combined  static,  dynamic, 
buckling  and  environmental  loadings  are  accommodated,  Fig.  21.  Combined  damage 
or  failure  modes,  Fig.  22, arising  from  these  separate  areas  are  properly 
integrated.  And  very  importantly,  the  studies  may  be  conducted  in  the  design 
stage  concurrently  with  the  development  of  full  scale  hardware. 

The  information  available  from  the  models  is  summarized  in  Fig.  23,  and 
the  advantages  in  Fig.  24.  Scaled  engines  of  any  description  may  be  built 
including  Jets,  and  liquid  and  solid  rocket  engines  and  will  ordinarily  be 
required.  Both  Jet  and  solid  rockets  have  been  utilized  to  date  and  designs 
have  been  completed  for  liquid  engines.  Structural  characteristics  and 
responses  can  be  measured  and  the  environment  at  the  location  of  sensitive 
equipment  items  obtained.  The  failure  mode  and  the  point  of  failure  may 
also  be  determined. 

The  high  frequency  characteristics  have  been  duplicated  on  structural 
components,  thermal  and  fatigue  scaling  can  be  accomplished.  Ihe  duplica¬ 
tion  of  the  dynamic  characteristics  guarantee  that  buckling  and  other 
stability  problems  would  be  satisfactorily  covered.  Other  aspects  of  the 
damage  such  as  corrosion  and  creep  should  be  brought  under  study. 
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The  model  time  and  frequency  scale  is  increased  by  the  scale  factor. 

In  a  l/4  scale  model,  events  occur  four  times  as  rapidly.  In  fatigue  tests 
this  is  a  major  advantage  in  time  and  costs.  Thermal  scaling  is  possible 
through  the  use  of  scaled  heat  sources.  Attempts  to  simulate  the  whole 
process  in  the  wind  tunnel  have  missed  the  model  capability  for  transient 
and  steady  temperature  studies  when  the  correct  input  is  introduced  in  any 
convenient  way. 


STATEMENT  OP  TECHNIQUE 

Item-by-item  scaling  is  accomplished  by  a  linear  reduction  of  all 
dimensions.  Structural  stiffness,  mass,  and  damping  are  each  of  equal 
importance.  The  area  moments  of  inertia  about  the  three  principal  axes 
must  be  scaled  at  all  points  of  each  element.  Slip  damping  is  the  mech¬ 
anism  which  generates  damping  in  complex  structure,  and  this  depends  on 
contact  pressures.  Fabrication  and  Joining  should  provide  a  reasonable 
duplication  of  these  pressures.  The  degree  of  fidelity  required  in  the 
modeling  is  very  high.  Compromises  unsupported  by  test  should  not  be  used. 
The  principal  items  to  consider  in  choosing  the  scale  factor  are  minimum 
gauge  of  the  material,  engine  scaling,  and  the  ability  of  the  instrumenta¬ 
tion  system  to  function  at  the  new  higher  frequency  band.  Use  of  the  model 
in  the  wind  tunnel  to  determine  aerodynamic  excitation  should  be  considered. 
Substudy  experimental  testing  in  support  of  major  model  program  is  recom¬ 
mended  strongly.  The  useable  frequency  band  of  the  model  is  related  in  part 
to  the  size  of  the  smallest  detail  which  is  faithfully  reproduced.  Struc¬ 
tural  sandwich  scaling  must  be  carefully  reproduced  also.  Honeycomb  core 
density  in  pounds  per  square  foot  remains  the  same.  The  scaling  laws  and 
a  fuller  statement  of  technique  is  presented  in  Ref.  10. 


MODEL  LIMITATIONS 

A  principal  variation  in  fatigue  scaling  was  uncovered  in  showing  the 
failure  times  would  not  follow  a  prediction  based  on  the  s-N  curve.  Crack 
propagation  was  not  scaled,  but  was  approximately  constant  in  different 
scales.  Early  failure  was  a  characteristic  of  both  random  and  sinusoidal 
loading.  This  variation  from  hypothesized  scaling  could  be  typical  of  many 
that  might  arise  from  parameters  such  as  stress  gradient,  creep,  corrosion, 
and  the  humidity  effect  on  fatigue,  for  none  of  which  are  the  scaling  rela¬ 
tionship  known.  These  are  not  limitations  but  an  inability  to  state  the 
scaling  law  in  advance.  Early  failure  is  not  really  early  but  due  to  a 
failure  to  understand  the  process.  Supporting  experiments  will  provide  the 
supplementary  information  required— these  do  not  require  the  model  of  the 
complete  vehicle  but  small  tabs  or  structural  components  in  appropriate 
models . 

If  the  thermal  input  distribution  were  described  by  radical  variations 
at  the  leading  edges  it  would  be  difficult  to  simulate  these  with  artificial 
heat  sources.  Since  present  materials  have  little  margin  for  excessive  heat, 
conservatism  is  not  indicated.  Techniques  for  accurate  distribution  of 
artificial  heat  are  needed.  Small  inevitable  compromises  in  tolerances, 
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fabrication  and  structural  joints  will  provide  a  reduction  in  over-all 
strength  of  the  model  relative  to  full  scale  estimated  at  5-10$. 

To  do  the  full  damage  to  structure  arising  from  random  loading,  inter¬ 
mixing  of  the  load  levels  may  have  to  be  carried  out  in  great  detail  to 
simulate  the  natural  occurrences  in  service.  The  cumulative  damage  fraction 
varies  from  below  1  to  above  7  because  of  residual  stresses  introduced  when 
a  large  positive  or  a  large  negative  load  cycle  is  introduced  to  a  random 
sequence.  Ref.  11.  Tremendous  detail  ■’n  load  application  with  its  supporting 
information  may  be  required  or  must  be  assumed  unless  there  is  a  willingness 
to  accept  the  most  damaging  combination  of  loads.  This  problem  is  not  peculiar 
to  low  cycle  fatigue  however.  Other  limitations  due  to  material  gauges, 
instrumentation  and  its  frequency  band,  and  tolerances  appear  in  choosing  the 
scale  factor. 


APPLICATION  TO  LCW  CYCLE  FATIGUE 

Applying  the  dynamic  model  to  low  cycle  fatigue  may  be  accomplished  at 
this  point  on  the  basis  of  the  previous  work.  The  excellent  start  obtained 
on  the  model  of  complex  structure  was  for  the  purpose  of  vibration  response 
scaling  however,  and  fatigue  scaling  requires  a  step  upward  in  scaling 
fidelity.  Attaining  high  frequency  scaling  was  the  major  step  needed  in 
qualifying  the  dynamic  model  for  low  cycle  fatigue  and  this  step  has  been 
accomplished.  No  different  ingredients  are  required  for  a  model  for  low 
cycle  fatigue  for  dynamic  response  or  for  acoustic  fatigue.  It  is  only  the 
degree  of  accuracy  which  is  changing.  The  information  learned  from  testing 
the  first  model  allows  the  definition  of  the  considerably  improved  model  of 
complex  structure  required  for  fatigue. 

The  creep  mechanism  is  a  prominent  part  of  low  cycle  fatigue  and  know¬ 
ledge  of  its  action  in  model  scale  should  not  be  presumed.  Testing  done  in 
model  time  scale  is  basically  valid  because  the  well  known  frequency  effect 
on  fatigue  strength  is  not  a  primary  effect,  especially  for  the  small  changes 
in  frequency  and  scale  likely  to  be  used  here.  The  frequency  effect,  the 
creep  action,  and  the  influence  of  temperature  are  closely  related  in  fatigue. 
Several  alternatives  may  be  introduced  in  the  testing  in  order  to  determine 
how  some  of  the  mechanisms  are  acting.  The  testing  done  in  the  usual  model 
time  scale  may  be  compared  to  testing  in  model  scale  in  real  time.  Variation 
In  temperature  should  give  an  incremental  difference  to  the  damage,  containing 
an  increment  due  to  creep.  Reed-time,  model-time  comparisons  inevitably  change 
the  crack  propagation  mechanism  as  well,  however.  Early  failure  in  model  scale 
will  occur  still  earlier  if  the  peak  loads  are  held  a  longer  time  period. 
Opposing  trends  are  present  and  supporting  research  may  need  to  measure  only 
total  effects  or  possibly  may  need  to  identify  each  separate  trend. 

The  primary  accomplishment  of  the  model  in  properly  designed  low  cycle 
fatigue  tests  will  be  to  locate  the  most  sensitive  areas  of  structure.  A 
failure  time  will  be  predicted  which  may  be  a  less  accurate  accomplishment. 

In  supporting  experiments,  further  comparisons  between  full  scale  and  model 
scale  for  component  structure  surrounding  the  failure  point  will  refine  the 
failure  time  prediction. 


SUPPORTING  EXPERIMENTS 


Supporting  experiments  to  uncover  and  substantiate  approaches  to  the 
model  design,  to  verify  unusual  test  results  and  to  vary  parameters  so  as  to 
answer  questions  raised  by  the  work  may  be  accomplished  at  nominal  costs  to 
the  over-all  program.  Components  and  even  small  tabs  will  suffice  for  the 
bulk  of  this  work.  Vibration  shakers  can  resonate  these  specimens  at 
reasonably  high  frequency  and  accomplish  the  fatigue  failures  most  expedi¬ 
tiously.  Tests  at  a  1000  cps  cover  3*6  million  cycles  in  an  hour.  Reliance 
on  the  small  frequency  effect  make  this  procedure  valid  although  the  results 
may  occasionally  be  checked  at  lower  frequency. 


RECOMMENDED  FUTURE  WORK 
The  following  research  is  recommended: 

•  Research  specifically  to  develop  better  fatigue  resistant 

materials  is  required.  It  is  necessary  to  rank  order 
materials  from  the  standpoint  of  sensitivity  to  damage 
from  random  loading. 

•  An  opportunity  exists  to  out  guess  our  severe  upcoming 

problems  due  to  temperature  fatigue  if  work  is  begun 
promptly. 

•  Since  formal  theories  to  cover  the  gamut  of  problems 

associated  with  fatigue  will  be  long  in  coming  a 
forthright  push  for  satisfactory  "engineering”  methods 
should  be  made.  The  biggest  stopgap  will  be  provided 
by  experimental  methods. 

•  The  part  played  by  combined  loads  and  combined  failure 

modes  must  be  determined. 

•  Interactions  of  creep,  corrosion  and  humidity  with  the 

fatigue  damage  should  be  determined. 


CONCLUDING  REMARKS 

The  fatigue  problems  occurring  extensively  in  service  vehicles  cannot 
be  solved  without  reference  to  the  impact  of  dynamics  on  the  over-all 
process. 

Material  deterioration  due  to  fatigue  damage  includes  loss  in  strength 
and  loss  in  stiffness  at  high  stresses  of  importance  to  many  dynamic  problems. 

Extensive  service  problems  in  fatigue  are  not  due  to  misapplication  of 
the  state-of-the-art  but  a  failure  to  understand  certain  fundamentals  only 
recently  uncovered  by  research. 
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High  frequency,  dynamic  loads  apparently  create  the  major  damage  to  the 
material.  One  aspect  of  the  damage  is  loss  in  strength  which  couples  with 
the  greater  likelihood  of  obtaining  lower  loads  and  results  in 
greatly  increased  probability  of  failure  in  the  early  life  of  the  part. 

The  economic  as  well  as  the  engineering  advantages  of  applying  the 
dynamic  model  to  low  cycle  fatigue  problems  should  be  noted.  The  solution 
of  major  problems  can  overlap  the  design  stage  rather  than  have  these 
problems  uncovered  in  service. 

The  present  state-of-the-art  in  fatigue  is  so  inadequate  that  the 
various  experimental  approaches  are  the  approaches  to  be  relied  on  in  the 
foreseeable  future. 

To  avoid  severe  future  problems  in  temperature  fatigue  requires 
extensive  study  now.  The  dynamic  model  should  function  well  for  both  low 
cycle  fatigue  and  temperature  fatigue. 

The  principal  technical  advantage  of  the  dynamic  model  is  its  ability 
to  integrate  the  material  damage  from  many  different  loading  and  many 
different  failure  modes. 
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APPENDIX  A 


Wood,  Ref.  A-l,  shows  two  essentially  distinct  types  of  failure  have 
hitherto  been  classified  as  fatigue.  One  predominates  at  large  stress 
amplitude  and  the  other  at  smaller  stress  amplitudes.  He  termed  these  the 
II  and  P  mechanisms. 

The  H,  or  hardening  mechanism,  is  essentially  the  same  as  static  deforma¬ 
tion.  The  internal  stresses  sire  high,  the  total  plastic  strain  is  small 
(positive  euid  negative  added  irrespective  of  sign),  the  disorientation  is 
large  in  the  sense  that  the  boradening  of  the  Lane  spots  is  quite  significant, 
the  deformation  is  primarily  due  to  coarse  slip,  and  the  distortion  in  the 
slip  plane  is  normal  in  the  sense  that  it  has  essentially  the  same  features 
as  in  static  deformation.  Wood  concludes  failure  in  the  H  range  is  essentially 
the  same  as  under  static  conditions  and, he  calls  it  "delayed  static  fracture”. 

It  is  delayed  because  the  hardening  process  which  precedes  the  nucleation  and 
propagation  occurs  in  a  less  efficient  manner  in  this  range  as  compared  to  the 
normal  static  tests. 

On  the  other  hand,  in  the  P  range  conditions  are  significantly  different. 

The  internal  stresses  are  low  and  the  deformations  proceed  with  negligible 
hardening.  The  total  plastic  strain  is  large  and  the  X-ray  distortion  small. 

The  deformation  is  due  to  fine  slip  involving  to-and-fro  motion  of  a  large 
number  of  individual,  isolated  dislocations,  rather  than  the  avalanche 
release  of  dislocations  of  coarse  slip.  Hie  slip  plane  distortion  is  one  of 
gradual  intensification.  In  the  H  range  when  a  slip  band  appears,  it  appears 
suddenly  (order  of  10-1+  seconds)  and  is  strong  to  start  with.  In  the  case 
of  fine  slip  which  appears  to  be  the  primary  mechanism  of  deformation  in 
the  F  range,  the  slip  bands  are  initially  hazy  and  gradually  intensify  during 
progressive  fatigue.  In  these  regions  of  slip  intensification  the  fatigue  cracks 
seem  to  occur.  Accordingly  the  fracture  is  considered  to  be  due  to  deterioration 
of  structure.  The  "persistent  slip  bands"  that  occur  in  these  regions  were 
shown  to  be  responsible  for  "fissures"  which  eventually  lead  to  cracks. 

Even  if  a  crack  develops  in  the  F  range,  when  it  grows  the  local  stresses 
in  the  immediate  vicinity  will  be  relatively  high  due  to  stress  concentration. 

Hie  result  of  this  will  be  that  at  some  stage  during  the  propagation,  a  crack 
which  started  in  the  F  range  will  behave  more  &b  if  it  were  in  the  H  range. 

On  this  basis  the  region  of  validity  of  Coffin" a  results  may  extend  much  beyond 
the  range  observed  by  him  and  others,  presumably  up  to  about  five  million  cycles. 

Hie  above  is  taken  from  Ref.  5- 


Ref.  A-l.  Wood,  W.  A.:  Some  Basic  Studies  in  Fatigue  of  Metals. 

Conference  on  Fracture,  Technology  Press,  MIT,  April  1959. 
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CUMULATIVE  DAMAGE 
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Figure  3,  Cusailotive  Dflragc  >V»<ct^n  Under  H*»Mcr 
(  Freuden  ths  1 ' 3  iocperift»r.t<>l  ixtta) 


PROBABILITY  OF  FAILURE 


Figure  7*  Probability  of  Failure  due  to  Both  Maneuver  and  acoustic 
Stress  (4000  pai) 
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Figure  5«  Changes  in  Stress  Strain  Curve  Durinp  i'eti/me 
(SAE  1018  Steel) 
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HAYSTACK  ANTENNA  1/15  SCALE  MODEL  PROGRAM 


Richard  V.  Bennett 

North  American  Aviation,  Inc. 

Columbus,  Ohio 

ABSTRACT 

This  paper  describes  the  design,  construction  and  experimental  test  program  for  a 
l/15-scale  static  and  dynamic  elastic  model  of  the  120-foot  diameter  Haystack  Antenna. 
The  experimental  phases  of  this  program,  which  was  conducted  at  the  Columbus 
Division  of  North  American  Aviation,  Inc.,  consisted  of  a  rigging  demonstration,  in¬ 
fluence  coefficient  tests  and  ground  vibration  tests.  The  program  objectives  were  to 
demonstrate  the  feasibility  of  the  proposed  procedure  for  rigging  the  prototype  antenna, 
to  verify  the  analytical  program  used  for  predicting  deadweight  deflections  of  the  pro¬ 
totype  antenna,  and  to  provide  qualitative  information  concerning  the  vibration  charac¬ 
teristics  of  the  prototype  antenna.  All  objectives  were  satisfactorily  accomplished. 
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ASD-TDR-63-4197,  PART  I 

HAYSTACK  ANTENNA  1/15-SCALE  MODEL  PROGRAM 

Richard  V.  Bennett 

Senior  Engineer 

Dynamic  Environments  Lab 

North  American  Aviation,  Inc., 

Columbus,  Ohio 


Introduction 

A  1/15-scale  elastic  and  dynamic  model  of  the  Haystack  Antenna  was  designed, 
constructed  and  tested  at  the  Columbus  Division  of  North  American  Aviation,  Inc.,  in 
the  period  extending  from  September,  1960  to  May,  1962.  Hie  test  program  consisted 
of  a  rigging  demonstration,  influence  coefficient  tests,  and  vibration  tests. 

The  Haystack  Antenna  is  a  120-foot  diameter,  Cassegrain  elevation-azimuth  an¬ 
tenna,  which  will  be  erected  inside  a  150-foot  radome  at  Tyngsboro,  Massachusetts  for 
the  Air  Force’s  Electronic  System  Division.  A  structural  arrangement  of  the  complete 
antenna  is  shown  in  Figure  7.  This  antenna  can  be  used  for  space  communications 
studies,  satellite  tracking,  and  basic  research  investigations. 

The  accuracy  required  of  the  Haystack  Antenna  in  accomplishing  its  objectives  de¬ 
pends,  to  a  large  extent,  on  maintaining  the  primary  reflector  surface  in  its  theoretical 
paraboloidal  contour  during  all  modes  of  operation.  As  a  result,  the  specified  surface 
tolerance  is  ±  .075  inch  for  all  modes  of  operation.  Hie  significant  contributors  to 
surface  deviations  are  manufacturing  tolerances,  dynamic  displacements,  thermal 
effects  and  deadweight  deflections,  with  the  latter  being  the  major  contributor.  Hie 
maximum  expected  surface  deviations  due  to  deadweight  deflections  have  been  predict¬ 
ed  by  a  recently-developed  complex  analytical  program,  which  was  run  on  an  IBM  709 
computer. 

The  primary  purpose  of  the  model  program,  therefore,  was  the  verification  of  this 
analytical  program.  Another  objective  of  the  model  program  was  a  feasibility  demon¬ 
stration  of  the  proposed  rigging  procedure  for  the  full-scale  antenna. 

During  the  course  of  the  model  program,  two  important  changes  were  made  in  the 
plan  for  verifying  the  analytical  deadweight  deflection  program.  These  changes  are 
described  as  follows: 

1.  Theoretical  and  experimental  influence  coefficients  were  sub¬ 
stituted  for  deadweight  deflections  as  the  comparative  measure  of 
verification. 

2.  Theoretical  influence  coefficients  were  computed  using  model 
stiffness  distributions  and  geometry  instead  of  the  full-scale  an¬ 
tenna  physical  property  data. 

Hie  reasons  for  these  changes  will  be  given  later. 
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After  the  rigging  demonstration  and  influence  coefficient  tests  had  been  completed, 
a  vibration  test  program  was  initiated  and  conducted  in  conjunction  with  a  closed-loop 
dynamic  analysis  of  the  full-scale  antenna.  The  model  vibration  test  objective  was  the 
provision  of  qualitative  information  concerning  the  vibration  characteristics  of  the  full- 
scale  antenna. 


Design  Philosophy 

The  multiple  objectives  of  the  model  program  required  consideration  of  many  fac¬ 
tors  in  planning  the  simulation  techniques.  Geometrical  simulation  was  required  for  the 
rigging  demonstration,  while  simulation  of  the  axial  and  bending  stiffness  distributions 
was  required  for  the  influence  coefficient  tests.  In  addition,  axial  and  bending  deflec¬ 
tion  compatibility  was  required,  since  some  structural  members  carry  only  tension  and 
compression  loads  while  others  carry  both  axial  loads  and  bending  moments.  As  a  re¬ 
sult,  the  method  of  using  direct  dimensional  scaling  and  identical  full-scale  antenna 
materials  was  selected  to  satisfy  the  simulation  and  compatibility  requirements  for 
most  of  the  model  structure. 

Dynamic  similarity,  which  would  include  simulation  of  the  mass  distribution  in  ad¬ 
dition  to  simulation  of  the  stiffness  distributions,  was  not  actually  required  for  the 
rigging  demonstration  and  influence  coefficient  tests.  However,  the  use  of  direct  di¬ 
mensional  scaling  and  identical  full-scale  antenna  materials  automatically  produced  a 
mass  distribution  which  provided  an  approximate  dynamic  similarity.  All  model  parts 
which  were  not  directly  scaled  were  designed  as  closely  as  possible  with  the  same 
mass  scale  as  the  directly  scaled  parts,  so  that  the  reflector  system  would  be  properly 
balanced  about  the  elevation  axis.  Thus,  when  the  vibration  tests  were  later  added  to 
the  model  program,  it  was  possible  to  achieve  the  vibration  test  objectives  without 
mass-balancing  the  model. 

One  major  exception  to  the  direct  scaling  rule  was  the  parabolic  reflector  surface. 
No  satisfactory  single  design  method  for  the  model  parabolic  reflector  could  be  found 
which  would  satisfy  all  of  the  simulation  requirements.  Therefore,  two  parabolic  re¬ 
flectors  were  designed  for  the  model.  One,  which  simulated  only  the  bending  stiffness 
and  contained  half  as  many  panels  as  the  antenna  reflector,  was  used  for  the  rigging 
demonstration.  The  other  model  parabolic  reflector,  which  was  directly  scaled  and 
constructed  in  one  pioce,  was  used  for  the  influence  coefficient  and  vibration  tests. 

Other  exceptions  to  the  direct  scaling  rule  were  the  elevation  and  azimuth  drive 
systems,  the  hyperbolic  secondary  reflector,  the  pedestal  or  base,  and  the  diagonal 
tension  members.  The  elevation  and  azimuth  drive  systems  were  not  duplicated  on 
the  model;  however,  the  equivalent  spring  restraint  of  the  elevation  drive  system  was 
simulated.  The  upper  and  lower  parts  of  the  azimuth  bearing  were  clamped  together 
for  the  entire  test  program.  The  hyperbolic  reflector  was  treated  as  a  point  mass, 
but  its  support  struts  had  properly  scaled  stiffness  and  mass  distributions.  The  model 
pedestal  closely  simulated  the  torsional  stiffness  of  the  full-scale  pedestal,  but  only 
approximately  simulated  the  bending  stiffness.  The  diagonal  tension  members  simu¬ 
lated  only  the  axial  stiffness  of  the  full-scale  members. 

Small  Items  such  as  turnbuckles,  gussets,  threaded  studs,  joint  flanges  and  sleeves, 
bolts,  nuts,  lugs,  pins,  clevises,  springs  and  weld  fillets  also  could  not  be  scaled  di¬ 
rectly.  These  items  were  designed  to  functionally  simulate  as  closely  as  possible 
their  counterpart  full-scale  components. 
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After  the  simulation  techniques  had  been  formulated,  the  model  scale  factors  were 
derived.  First,  a  geometrical  scale  factor  of  1/15  was  selected  after  considering  the 
structural  details  required  for  rigging,  the  small  dimensions  resulting  from  direct 
scaling,  the  required  construction  accuracy,  machine  and  tooling  capabilities,  handling 
problems  and  test  area  size.  Then,  the  use  of  direct  dimensional  scaling  and  identical 
full-scale  antenna  materials,  together  with  the  geometrical  scale  factor,  automatically 
determined  the  axial  and  bending  stiffness  and  mass  scale  factors.  Finally,  the  scale 
factors  for  deadweight  deflections  and  slopes,  influence  coefficients,  internal  preloads, 
and  stress  were  determined  from  the  previously  derived  scale  factors  and  the  essential 
nondimensional  similarity  parameters  for  an  elastic  model.  The  vibration  frequency 
scale  factor  was  later  determined  from  the  previously  determined  scale  factors  and 
the  essential  nondimensional  similarity  parameters  for  a  dynamic  vibration  model. 

The  resulting  mass,  stiffness,  and  geometrical  scale  factors  produced  a  deadweight 
deflection  scale  factor  of  1/15  .  Such  a  scale  factor  would  produce  maximum  theoreti¬ 
cal  model  deadweight  deflections  in  the  range  of  only  .0001  to  .0003  inch.  This,  to¬ 
gether  with  the  prohibitive  cost  required  in  constructing  a  test  fixture  and  setting  up 
an  adequate  measuring  system,  prompted  the  decision  to  use  experimental  model 
flexibility  influence  coefficients  for  verification  of  the  analytical  program  instead  of 
deadweight  deflections,  since  larger  and  more  accurate  deflection  measurements 
could  be  obtained  simply  by  applying  larger  loads. 


Model  Design 

Ihe  model  scale  factors  and  the  full-scale  antenna  structural  dimensions  were 
used  to  compute  model  dimensions  and  produce  drawings  for  the  shop. 

At  this  stage  in  the  model  program,  two  things  became  evident.  The  first  was  that 
the  antenna  structural  design  was  still  evolving  into  an  optimum  configuration  and 
would  not  be  frozen  for  some  time.  The  second  was  that  certain  model  structural 
parts  such  as  tubular  segments  and  diagonal  tension  members  could  not  be  purchased 
or  fabricated  with  the  exact  required  specifications  without  running  into  excessive 
costs. 
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It  was  decided,  therefore,  to  design  the  model  parts  so  that  they  simulated  the 
existing  full-scale  antenna  structure  as  closely  as  possible.  The  resulting  model  geo¬ 
metry  and  stiffness  distributions  were  then  used  as  inputs  to  the  analytical  program 
instead  of  the  full-scale  antenna  values.  Thus,  theoretical  model  influence  coefficients 
would  now  be  compared  directly  with  the  model  experimental  coefficients.  In  this 
manner  the  paramount  objective  of  verifying  the  analytical  program  could  still  be 
achieved,  with  the  results  becoming  available  in  a  much  shorter  time. 


This  program  change  had  very  little  effect  on  the  rigging  demonstration  objective, 
except  that  the  results  would  also  be  available  much  sooner. 

Model  Construction 

Construction  of  model  parts  began  as  soon  as  structural  design  dimensions  had 
been  formalized  on  drawings.  For  construction  purposes  the  model  was  divided  into 
eight  main  subassemblies;  the  parabolic  (primary)  reflector  backup  structure,  the 
elevation-azimuth  mount,  the  hyperbolic  (secondary)  reflector  support  structure,  the 
ballast  weight  and  support  structure,  the  RF  box  and  support  structure,  the  dynamic 
parabolic  reflector  face,  the  rigging  parabolic  reflector  face,  and  the  baso  or  pedestal. 
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The  parabolic  reflector  face  is  also  described  as  a  shell  in  this  paper. 

The  most  unique  construction  problems  occurred  with  the  parabolic  reflector  faces 
and  the  backup  structure.  The  fitting  together  and  assembly  of  the  various  component 
parts  was  also  a  painstaking  task,  which  required  extensive  jigwork  and  intricate 
alignment  fixtures. 

The  main  problem  encountered  in  fabricating  the  backup  structure  was  in  joining  the 
tubular  segments  together.  A  special  welding  and  heat-treating  procedure  had  to  be 
developed  to  minimize  warpage,  joint  misalignment,  and  soft  spots  in  the  backup  struc¬ 
ture,  which  contained  aluminum  tubular  segments  with  wall  thicknesses  ranging  from 
.032  to  .006  inch. 

The  main  problem  encountered  in  fabricating  the  rigging  and  dynamic  parabolic  re¬ 
flector  faces  was  in  forming  the  required  double  curvature.  The  32  outer  row  and  16 
inner  row  .020  inch-thick  solid  aluminum  panels  of  the  rigging  face  were  stretch-form¬ 
ed  from  sheet  stock  on  properly  contoured  male  dies.  The  8-foot  diameter  one-piece 
dynamic  face  was  formed  on  a  male  mold  by  splicing  together  radial  segments  under 
vacuum  pressure.  The  radial  segments,  consisting  of  .001  inch-thick  aluminum-foil 
skins  bonded  on  each  side  of  a  .032  inch-thick  styrofoam  core,  were  formed  on  the 
same  mold. 


Measurement  of  Physical  Properties 

Certain  physical  properties  of  the  model  components  were  measured  as  they  were 
fabricated.  The  mass  properties  of  all  model  components  were  determined  by  con¬ 
ventional  experimental  methods.  None  of  the  model  components  were  mass-balanced 
either  at  this  time  or  at  the  later  time  when  the  vibration  tests  were  added  to  the  model 
program,  since  the  actual  mass  properties  of  the  model  components,  as  constructed, 
were  sufficiently  accurate  for  all  three  test  objectives.  The  actual  axial  stiffness  of 
each  size  diagonal  tension  member  was  determined  experimentally  and  used  as  an  in¬ 
put  to  the  analytical  program.  The  average  measured  wall  thickness  of  each  size 
tubular  segment  was  also  used  as  an  input  to  the  analytical  program.  The  bending 
stiffness  efficiency  of  the  dynamic  parabolic  reflector  face  was  experimentally  deter¬ 
mined  with  a  sample  specimen. 


Rigging  Demonstration 

The  feasibility  demonstration  of  the  proposed  rigging  procedure  for  the  full-scale 
antenna  was  started  as  soon  as  all  of  the  necessary  parts  had  been  constructed.  The 
main  rigging  tasks  were  maintaining  and  measuring  joint  alignment  while  preloading 
the  inter-ring  and  inter-cap  diagonal  tension  members  and  assembling  the  parabolic 
reflector  panels  to  the  backup  structure  so  that  the  reflector  assumed  its  proper 
curvature  and  maintained  complete  interaction  with  the  backup  structure. 

The  assembly  procedure  in  the  rigging  demonstration  was  more  difficult  than  in 
the  construction  phase.  The  heavy,  positive  alignment  jigwork  which  was  used  for  as¬ 
sembly  in  the  construction  phase  could  not  be  used  for  the  rigging  operation,  since  the 
rigging  alignment  fixtures  had  to  functionally  simulate  those  proposed  for  the  antenna 
rigging  operation. 
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The  model  rigging  demonstration  was  completed  satisfactorily,  and  the  results  in¬ 
dicated  that  the  proposed  rigging  procedure  for  the  full-scale  antenna  was  feasible  and 
would  produce  a  stable  structure,  with  all  structural  joints  and  reflector  points  con¬ 
verging  to  their  theoretical  positions.  The  completely  rigged  model  is  shown  in 
Figures  8  and  9.  Figure  10  shows  the  model  with  the  dynamic  shell  mounted  on  the 
backup  structure. 

Influence  Coefficient  Tests 

The  influence  coefficient  tests  followed  the  rigging  demonstration.  These  tests 
were  conducted  in  four  parts,  with  a  different  model  configuration  for  each  part.  The 
four  model  configurations  are  described  as  follows: 

1.  Reflector  system  in  the  face-up  position  with  no  shell  on  the 
backup  structure; 

2.  Reflector  system  in  the  face-side  position  with  no  shell  on  the 
backup  structure; 

3.  Reflector  system  in  the  face-up  position  with  the  dynamic  shell 
mounted  on  the  backup  structure,  and 

4.  Reflector  system  in  the  face-side  position  with  the  dynamic  shell 
mounted  on  the  backup  structure. 

For  all  model  configurations,  deflections  were  measured  and  loads  were  applied 
at  the  upper  ring  cap  joints  in  the  backup  structure.  All  deflections  were  measured 
in  a  direction  parallel  to  the  RF  axis  of  the  reflector  system.  All  loads  were  applied 
in  a  vertically  downward  direction.  The  layout  of  the  load  and  deflection  points  is 
shown  in  Figure  1. 

Since  the  analytical  program  took  advantage  of  the  symmetrical  backup  structure, 
most  of  the  deflection  points  were  concentrated  in  one  quadrant.  Three  other  deflec¬ 
tion  reference  points  are  shown  on  ring  No.  3.  The  deflection  check  points  in  the 
other  three  quadrants  are  not  shown.  For  each  point  in  the  main  quadrant,  symmetri¬ 
cal  points  in  the  other  three  quadrants  were  also  used  for  load  applications.  Thus, 
four  symmetrical  loads  were  applied  to  the  backup  structure  to  rroduce  each  deflec¬ 
tion.  Therefore,  the  dimensional  unit  for  the  influence  coefficients  was  microinches/ 
pound  load/quadrant. 

Linearity  and  repeatability  were  checked  for  each  Influence  coefficient.  At  least 
three  magnitudes  of  loads  were  applied  for  each  Influence  coefficient  measurement  to 
ensure  that  the  deflection  at  that  particular  point  was  linear.  If  the  magnitude  of  the 
applied  load  had  been  sufficient  to  unload  the  adjacent  diagonal  tension  members,  the 
deflection  at  a  particular  point  could  have  Income  nonlinear.  The  entire  loading 
sequence  was  repeated  for  each  influence  coefficient  measurement  until  the  deflection 
at  that  particular  point  was  re [xm table.  This  procedure  minimized  drifting  of  the 
transducer  output  signal  due  to  thermal  gradients  and  extraneous  electrical  noise 
sources.  It  also  minimized  the  hysteresis  effects  of  the  model  structure. 

The  displacement  transducers  used  for  the  deflection  measurements  were  Schae- 
vitz  linear  variable  differential  transformers.  Figure  11  shows  these  transducers 
mounted  on  a  wooden  fixture  over  the  model  reflector.  Figure  2  is  a  circuit  diagram 


of  the  transducers,  power  input  equipment,  and  signal  read-out  equipment.  Since  the 
transducer  sensitivity  was  dependent  on  the  input  voltage  and  the  load  impedance  of  the 
output  circuit,  the  same  equipment  and  circuitry  was  used  for  calibrating  the  trans¬ 
ducers  and  monitoring  displacements  of  the  model.  Output  signals  from  the  transducers 
were  read  on  an  rms  voltmeter  and  manually  recorded  on  tabulation  sheets. 

Ike  experimental  and  theoretical  influence  coefficients  generally  showed  good 
agreement,  with  the  best  correlation  occurring  in  the  diagonal  and  near-diagonal  terms 
of  th8  matrices.  For  illustrative  purposes,  some  data  in  the  influence  coefficient 
matrices  have  been  plotted  to  show  comparative  deflections  of  points  on  r  ings  No.  4 
and  No.  5  due  to  a  unit  load  being  applied  at  a  given  point. 

Figure  3  is  a  comparative  plot  of  experimental  and  theoretical  model  deflections 
of  rings  No.  4  and  No.  5  with  a  unit  load  being  applied  at  Point  5.1.  The  deflection 
node  points  are  in  the  main  quadrant,  and  the  reflector  system  is  in  the  face-up  posi¬ 
tion  with  no  shell  attached  to  the  backup  structure.  This  plot  shows  that  the  experi¬ 
mental  deflections  are  less  than  the  theoretical  deflections.  The  experimental  de¬ 
flection  curves  also  show  less  warpage  in  both  rings.  These  results  are  to  be  expect¬ 
ed,  since  the  analytical  program  which  computed  these  theoretical  model  deflections 
did  not  include  the  bending  stiffnesses  of  the  tubular  members.  A  recent  modification 
of  the  analytical  program  to  include  bending  stiffness  has  produced  theoretical  model 
deflections  which  are  slightly  less  than  those  shown  in  Figure  3. 

Figure  4  is  also  a  comparative  plot  of  experimental  and  theoretical  model  deflec¬ 
tions  of  rings  No.  4  and  No.  5  with  a  unit  load  now  being  applied  at  Point  5.9.  Again, 
the  experimental  deflections  are  less  than  the  theoretical  deflections,  and  the  experi¬ 
mental  deflection  curves  show  less  warpage  in  both  rings. 

Figure  5  shows  the  effect  of  the  dynamic  shell  on  the  experimental  model  deflec¬ 
tions  of  rings  No.  4  and  No.  5  with  a  unit  load  applied  at  Point  4.1.  The  reflector  sys¬ 
tem  is  still  in  the  face-up  position.  This  plot  shows  that  the  shell  has  stiffened  the 
backup  structure,  with  a  resulting  reduction  in  deflection  and  warpage.  No  analytical 
program  with  the  combined  stiffness  inputs  of  the  model  backup  structure  and  shell 
has  been  run  for  comparison  with  the  experimental  model  influence  coefficients  which 
were  obtained  with  the  shell  mounted  on  the  backup  structure. 

Figure  6  also  shows  the  effect  of  the  dynamic  shell  on  the  experimental  model  de¬ 
flections  of  rings  No.  4  and  No.  5  with  a  unit  load  now  applied  at  Point  4.9.  The  re 
suits  are  the  same  as  with  the  previous  load  point. 

In  general,  the  same  deflection  characteristics  were  produced  by  load  applications 
at  other  |>oints  on  the  backup  structure.  Therefore,  it  may  be  conducted  that  the 
model  influence  coefficient  test  results  have  provided  a  high  degree  of  assurance  for 
the  accuracy  of  the  analytical  program  which  lets  been  used  to  compute  deadweight 
deflections  of  the  full-scale  antenna.  Naturally,  a  higher  degree  of  assurance  would 
have  been  provided  if  scaled  experimental  model  deadweight  deflections  could  have 
been  compared  directly  with  the  full-scale  deadweight  deflections  of  the  final  full- 
scale  antenna  configuration  (shell  included)  as  computed  from  the  analytical  program. 
However,  further  substantiation  of  the  analytical  program  will  be  provided  by  static 
tests  on  the  full-scale  antenna. 
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Vibration  Tests 


Hie  vibration  tests,  which  constituted  the  final  phase  of  the  model  test  program, 
were  conducted  in  conjunction  with  the  closed  loop  dynamic-analysis  of  the  full-scale 
antenna  system.  Three  model  configurations  were  utilized  for  the  vibration  tests  and 
are  described  as  follows: 

1.  Reflector  system  in  the  face-up  position  and  mounted  on  an  un¬ 
restrained  elevation-azimuth  mount  and  pedestal, 

2.  Reflector  system  in  the  face-up  position  and  mounted  on  a  braced 
elevation-azimuth  mount  and  pedestal,  and 

3.  Reflector  system  in  the  face-up  position  with  the  trunnion  beam  bull  gears 
braced  as  shown  in  Figure  12. 

Hie  dynamic  parabolic  reflector  was  mounted  on  the  backup  structure  for  all  three 
configurations. 

The  model  was  excited  in  both  its  symmetrical  and  anti  symmetrical  modes  with 
electromagnetic  shakers  and  the  dynamic  response  was  measured  with  the  normal 
types  of  vibration  transducers  and  read-out  equipment. 

Hie  vibration  test  resu'ts  provided  qualitative  information  concerning  the  types  of 
vibration  modes  which  could  be  excited,  the  order  of  magnitude  of  the  structural 
damping,  the  ease  or  difficulty  in  exciting  the  various  modes,  and  optimum  shaker 
locations.  Thus,  the  objectives  of  the  vibration  test  program,  as  well  as  the  objectives 
of  the  overall  model  program,  were  accomplished  satisfactorily. 


Additional  Model  Program  Information 

Since  a  complete  description  of  aii  facets  of  the  1/1 5- scale  Haystack  Antenna 
model  program  could  not  be  included  in  this  paper,  the  final  reports  of  the  model  pro¬ 
gram  are  listed  in  the  reference  section  for  those  seeking  further  information  on  any 
specific  details.  Reference  1  contains  a  detailed  description  of  the  procedures  for 
the  model  rigging  demonstration  and  influence  coefficient  tests.  Reference  2  contains 
a  complete  account  of  the  model  program,  with  the  exception  of  the  vibration  tests  and 
the  previously  mentioned  detailed  test  procedures.  Reference  3  contains  a  complete 
account  cf  the  model  vibration  test  program. 

References: 

1.  NAS0H-74S,  1 /15-Scale  Model  Program  -  120- Foot  Haystack  Antenn*  System, 
latest  revision  dated  4-23-62,  Columbus  Div'sion,  North  American  Aviation, 
Inc. 

2.  NA62H-166,  l/i$-Seale  Model  Program  -  Final  Report  -  1 20  -  Foot  Haystack 
Antenna  System,  latest  revision  dated  S- 13-62,  Columbus  Division,  North 
American  Aviation,  Inc. 

3.  NA62H-S70,  1/1 5- Scale  Haystack  Antenna  Model  Ground  Vibration  Test, 
dated  11-6-62,  Columbus  Division.  North  American  Aviation,  tec. 
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Figure  1 1.  Influence  Coefficient  Test  Set-up  with  Dynamic  Shell  Attached  to  Backup 
Structure  in  Face-up  Position 
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ABSTRACT 

Three  fields  of  photomechanics  are  discussed  to  show  the  effort 
required  to  generate  models  for  scientific  exploration  of  these  fields.  The 
approaches  center  about  the  fundamental  principle  that  Ine  proper  design  of 
an  experiment  requires  scientific  design  of  the  model  to  be  investigated. 
Examples  are  chosen  from  photothermoelasticity  (which  is  a  relatively  m 
field  now  well  established),  photoviscoelasticity  (which  is  essentially  a 
brand  new  field  requiring  extensive  research  before  it  will  be  established), 
and  strobelasticity  (which  is  a  new  form  of  an  old,  established  field). 

These  three  fields  are  applicable  to  investigations  of  structural, 
thermal  and  dynamic  problems  in  rockets  and  re-entry  vehicles.  Therefore, 
in  addition  to  examples  of  basic  problems,  demonstrations  of  practical 
interest  are  included.  These  depict  thermal  stresses  in  a  box  beam,  stresses 
in  a  case  bonded  viscoelastic  rocket  grain,  and  the  effect  of  impact  on  a  re¬ 
entry  vehicle. 
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INTRODUCTION 

Many  engineering  structures  being  designed  today  must  operate  under 
conditions  in  which  time  and  temperature  play  an  important  role.  In  aero¬ 
space  craft,  for  example,  re-entry  conditions  impose  transient  temperature 
fields  which  could  lead  to  severe  thermal  stresses.  Or  the  structure  of  a 
ballistic  re-entry  vehicle  could  be  subjected  to  blast  pressure  loading  of 
such  short  time  that  impact  and  shock  c  iditions  become  major  design  con¬ 
siderations. 

Complex  structural  behavior  under  time  dependent  loading  in  a  seveie 
thermal  environment  can  be  examined  effectively  through  the  use  of  models. 
The  acquisition  of  accurate,  useful  data  from  experimental  procedures  fre¬ 
quently  involves  application  of  scientific  principles  to  the  design  of  the  model, 
and  the  experiment  in  which  the  model  is  employed.  This  process  is  deline¬ 
ated  through  examination  of  several  specific  cases  in  which  scientific  model¬ 
ing  played  a  major  role  in  achieving  experimental  results  of  high  reliability. 

The  experiments  to  be  described  herein  involve  the  field  of  experimental 
mechanics  known  as  photomechanics,  which  relates  to  the  optical  effect 
observed  in  the  model  as  a  result  of  the  interaction  of  light  with  structural 
behavior.  Until  recently,  investigations  in  this  field  w-^re  confined  to  the 
special  case  of  photoelasticity  in  wnich  elastic  behavior  and  polarized  light  in 
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transparent  models  yield  a  series  of  interference  lines  commonly  known  as 
fringes.  Furthermore,  in  photoelasticity,  the  level  of  stress  in  a  structure 
is  directly  proportional  to  the  fringe  order. 

In  photomechanics  this  generally  is  not  the  case.  Fringe  order  may 
be  relatable  to  stress,  to  strain,  possibly  to  some  combination  of  these 
quantities,  or  to  time  dependent  derivatives  of  these  quantities.  In  photo¬ 
elasticity,  material  behavior  is  usually  considered  independent  of  tempera¬ 
ture.  In  photomechanics,  however,  temperature  may  be  a  physical  quantity 
of  paramount  importance  controlling  the  behavior  of  the  material  from  which 
the  model  is  made. 

For  the  purpose  of  the  present  paper,  it  is  possible  to  divide  the  sub¬ 
ject  into  four  specific  categories:  two  related  to  time  and  two  related  to 
temperature.  For  example,  the  photoelastic  investigation  of  transient  ther¬ 
mal  stresses  would  be  termed  photothermoelasticity  (PTE)  in  an  elastic 
material.  If  the  material  is  viscoelastic,  then  the  investigation  procedure 
would  be  called  photothermoviscoelasticity  (PTVE). 

This  introductory  discussion  indicates  the  versatility  and  comprehen¬ 
sive  scope  of  modern  photomechanics  as  compared  to  photoelasticity.  The 
mid  1950's  essentially  marked  the  end  of  what  may  be  called  "classical 
photomechanics,"  a  field  which  traces  its  origin  to  the  early  1800's,  the 
history  of  which  is  comprehensively  reported  in  the  treatise  by  Coker  and 
Filon  (Ref.  1).  The  current  paper  describes  new  techniques  in  photome- 
mechanics  which  have  been  developed  during  the  past  decade  primarily  in 
response  to  current  technological  requirements.  These  fields  are  being 
explored  by  other  investigators,  however,  it  is  the  intent  of  this  paper  to 
summarize  only  the  developments  by  Allied  Research  Associates. 

The  organization  of  the  paper  consists  of  a  brief  background  in  classi¬ 
cal  photomechanics  (that  is,  static  photoelasticity).  This  is  followed  by  a 
descriAic  •  of  time  dependent  photoelasticity  illustrating  the  large  range 
of  problem^  which  can  be  examined  with  ease  and  precision  utilizing  a 
relatively  new  photomechanical  technique  known  as  strobelasticity. 

Discussions  are  presented  of  the  preparation  of  models  and  experi¬ 
mental  arrangements  for  examination  of  problems  in  thermoelasticity  and 
thermoviscoelasticity.  In  this  latter  case,  the  only  similarity  to  classical 
photoela«ticity  is  the  use  of  a  polariscope  to  produce  fringe  patterns  in  the 
model.  All  other  facets  of  the  procedures  for  this  type  of  problem  are 
different  from  those  in  classical  photomechanics. 


PHOTOELASTIC  MODELLING 


An  example  of  the  advanced  state-of-the-art  in  classical  photome¬ 
chanics  may  be  seen  in  Figure  1,  which  depicts  a  1/24  scale  model  of  a 
50,000  ton  forging  press  (Ref.  2).  The  model  contains  144  parts,  weighs 
144  pounds,  ar.d  required  six  months  to  fabricate  and  test.  The  experiment 
was  conducted  utilizing  the  stress  freezing  process.  The  press  was  loaded 
by  pressure  applied  to  the  pistons  located  in  the  upper  crosshead  by  feeding 
nitrogen  gas  through  the  hollow  tie  rods,  exactly  as  in  the  prototype. 
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After  the  model  had  been  stress  frozen,  slices  were  taken  for  photo¬ 
elastic  examination  to  determine  the  stresses  throughout  the  press  compo¬ 
nents.  By  fabricating  the  entire  press  and  applying  pressure  as  in  the 
prototype,  there  was  no  question  of  the  distribution  of  loads  to  be  applied. 

The  distribution  of  the  proper  load  to  each  component  occurred  naturally 
as  a  result  of  the  press  geometry.  Consequently  the  state  of  stress  in  the 
finished  photoelastic  model  corresponded  with  that  in  the  prototype. 

This  faithful  reproduction  of  the  geometry  and  loading  of  a  complex 
structure  is  a  growing  trend  in  modern  photoelastic  investigations  (Ref.  2). 

As  another  example,  numerous  detailed  studies  have  been  made  of  nuclear 
power  plants.  This  trend  has  been  made  possible  by  the  recent  arrival 
(during  the  past  decade)  of  a  new  type  of  modelling  material,  epoxy,  which 
is  excellent  for  fabrication  of  large  complex  structures.  Its  high  photo- 
elastic  sensitivity,  good  mechanical  rigidity,  and  fabricability  have 
revolutionized  photoelasticity  and  have  played  a  major  role  in  advancing  to 
their  current  state  all  of  the  fields  of  investigation  to  be  described  below. 

STROBELASTICITY 

One  of  the  problems  in  analysis  of  ballistic  re-entry  vehicles  is  the 
determination  ot  the  structural  response  to  dynamic  loads  such  as  produced 
by  blast  loading  for  example.  This  involves  analysis  of  the  time  dependent 
stress  distribution  throughout  the  structure  which  is  a  relatively  simple 
procedure  when  utilizing  a  technique  in  which  stroboscopic  lighting  and 
repeated  impact  permit  visualization  of  the  propagating  stress  waves  through¬ 
out  an  elastic  structure  (Ref.  3).  This  photomechanics  technique  has  been 
termed  "strobelasticity.  " 

The  schematic  arrangement  of  the  experimental  equipment  is  shown 
in  Figure  2.  The  model  size  is  selected  to  ensure  the  decay  of  oscillations 
in  the  structure  within  1/60  second  in  order  that  60  cycle  electrical  power 
may  be  used  to  drive  the  bell  coil.  By  flashing  the  strobe  at  the  same  rate, 
one  flash  (duration  =  1  microsecond  in  modern  units)  occurs  during  each 
impact  providing  the  appearance  of  stopped  motion.  By  reducing  the  flash 
frequency  slightly,  the  impact  event  may  be  viewed  repeatedly  but  at  a 
rate  considerably  less  than  the  actual  event.  By  careful  control  of  strobe 
frequency  the  visualization  rate  has  been  diminished  to  furnish  a  viewing 
time  for  a  single  event  of  the  order  of  hours. 

A  photograph  of  a  typical  experimental  arrangement  appears  in 
Figure  3.  This  equipment  was  used  to  provide  the  motion  picture  strip 
shown  in  Figure  4,  which  depicts  the  propagation  of  a  diametral  impact  stress 
wave  on  a  composite  system  consisting  of  a  rubber  ring  surrounding  a  gelatin 
core  with  an  aluminum  plug  at  the  center.  The  system  is  representative  of 
a  re-entry  vehicle  structure  with  shock  insulated  internal  equipment. 

The  control  available  with  this  type  of  arrangement  may  be  seen  in 
the  relatively  small  change  in  fringe  pattern  from  frame  to  frame  in  Figure 
4.  Furthermore,  by  removing  the  polaroids,  the  motions  of  the  model  are 
clearly  revealed.  The  high  resolution  of  monochromatic  fringe  orders 
(10  fringes  or  more  with  no  difficulty),  may  be  seen  in  the  photograph  of  the 
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area  of  impact  on  the  edge  of  a  plate  (Figure  5).  This  precision,  coupled 
with  the  precise  data  available  on  structural  motions,  provides  the  basic 
information  for  accurate  analysis  of  dynamic  behavior.  In  the  limiting  case, 
locking  the  strobe  into  the  line  frequency  and  imparting  a  phase  shift  to  the 
flash  permits  examination  of  the  model  behavior  in  essentially  the  same 
manner  as  in  static  photoelasticity. 

PHOTOTHERMOELASTICITY 


Photothermoelasticity  (PTE)  is  the  application  of  photomechanics  to 
problems  in  time  dependent  and  temperature  dependent  loading  on  elastic 
structures.  This  procedure,  which  has  been  developed  into  a  precise 
scientific  tool  for  the  analysis  of  problems  in  two  and  three  dimensional 
thermoelasticity  (Refs.  4  through  9,  for  example)  has  been  used  success¬ 
fully  to  test  the  reliability  of  theoretical  solutions. 

Plate  Problem 

The  first  illustration  of  the  use  of  PTE  involves  the  determination  of 
thermal  stresses  in  a  rectangular  plate  subjected  to  a  parabolic  temperature 
gradient  across  one  edge  and  constant  along  the  other.  Three  theoretical 
solutions  to  this  problem  are  shown  in  Figure  6.  It  is  evident  that  precise 
experimental  techniques  would  be  required  in  order  to  identify  the  most 
accurate  of  the  three  solutions  (Ref.  7). 

One  of  the  major  facets  of  the  experimental  investigation  in  this 
problem  was  the  proper  selection  of  thermocouple  locations  to  provide 
accurate  data  during  the  experiment  on  the  mean  inplane  temperature 
distributions  throughout  each  plate  model.  A  typical  thermocouple  layout 
is  shown  in  Figure  7.  One  important  feature,  revealed  in  the  bottom 
sketch,  shows  thermocouples  located  at  depths  from  each  surface  at  which 
the  temperature  would  read  the  mean  value  in  the  plate  at  a  given  location 
under  a  parabolic  distribution  through  the  thickness  which  was  detected  in 
early  stages  of  the  experiment.  This  method  of  compensating  for  the 
variation  was  found  to  be  necessary  in  order  to  obtain  precise,  reliable  data. 

The  model  and  experimental  arrangement  (including  insulation,  thermo 
couples,  and  assembly  of  components)  are  revealed  in  Figure  8.  Temper¬ 
ature  was  applied  through  heat  flux  induced  by  application  of  dry  ice  to  the 
model  edges.  Accurately  reproducible  parabolic  temperature  gradients 
were  obtained  only  when  the  surfaces  of  the  model  plates  were  insulated 
with  thick  styrafoam  blocks.  In  order  to  observe  the  fringe  patterns  at  the 
centers  of  the  plate  edges,  it  was  necessary  to  pierce  the  styrafoam 
insulating  blocks  and  insert  plastic  pipes  as  shown  in  Figure  8.  Rubber 
strips  were  placed  along  the  chilled  edges  to  provide  temperature  control. 

As  a  result  of  these  precautions,  accurately  parabolic  temperature 
distributions  were  consistently  obtained  approximately  20  minutes  after 
application  of  dry  ice  to  the  model  edges.  A  typical  normalized  temperature 
distribution  may  be  seen  in  Figure  9,  which  reveals  close  adherence  to  the 
required  parabolic  distribution  of  temperature  in  order  to  obtain  close 
correlation  of  temperature  data  with  stress  data  and  good  reproducibility  of 
experimental  results. 
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Photoelastic  fringe  patterns  of  models  with  two  different  a/b  ratios 
are  shown  in  Figure  10.  Fringe  orders  were  measured  consistently  to  a 
precision  of  the  order  of  1  percent  (better,  in  many  cases)  throughout 
the  program. 

Correlation  of  theory  and  experiment  in  Figure  11  (Ref.  7)  indicate 
close  agreement  with  the  Ross  theory.  Because  of  the  fact  that  the  Ross 
solution  in  the  range  of  a/b  greater  than  1  may  be  obtained  by  a  simple 
transformation  of  data  for  a/b  less  than  1,  there  was  no  need  fcr  experi¬ 
mental  data  beyond  a/b  =  1. 

Wing  Investigation 

The  analysis  of  thermal  stresses  in  a  multiweb  structure  under  surface 
heat  input  furnishes  another  example  of  the  accuracy  afforded  by  photothermo¬ 
elasticity.  In  this  case,  the  experimental  data  provided  such  a  high  degree 
of  reliability  that  it  was  possible  to  attribute  differences  between  theory  and 
experiment  to  errors  in  the  theoretical  assumptions  (Ref.  8). 

A  preliminary  study  was  conducted  on  a  simple  I-beam.  The  photo¬ 
elastic  fringe  pattern  is  shown  in  Figure  12.  Fabrication  of  the  model,  which 
actually  involved  channel  shaped  webs  connected  to  top  and  bottom  cover 
plates,  is  shown  schematically  in  Figure  13.  One  of  the  influences  upon 
temperature  distribution  throughout  the  model  was  the  presence  of  convective 
airflow  in  the  bays  between  the  webs  of  the  box  beam.  For  this  reason  it 
was  necessary  to  construct  baffles  and  place  them  in  the  bays  between  the 
webs  so  as  to  eliminate  convective  heat  transfer.  Only  after  this  was  done 
was  it  possible  to  obtain  essentially  conductive  heat  transfer  down  the  web. 

The  reason  for  this  modification  was  to  permit  a  reliable  check  of  the 
theoretical  temperature  distribution  in  the  box  beam  structure.  The  theory 
did  not  account  for  convection  in  the  bays. 

Figure  13  also  reveals  the  presence  of  thermocouples  at  the  top  and 
bottom  of  the  plates  which  cover  the  box  beam.  This  was  necessary  since 
the  two  dimensional  heat  flow  through  the  plate  thickness  also  was  found  to 
play  an  important  role  in  the  overall  temperature  distribution  throughout 
the  system. 

In  addition  to  the  fabrication  of  the  model  in  a  manner  which  would 
permit  proper  modelling  of  the  temperature  distribution,  it  was  necessary 
to  construct  a  special  polariscope  arrangement  which  permitted  viewing 
of  the  fringe  patterns  in  the  webs  which  were  located  in  the  interior  of  the 
model.  This  was  achieved  utilizing  the  configuration  shown  in  Figure  14. 
Photographs  of  the  model  in  various  stages  of  completion  are  shown  in 
Figure  15. 

One  additional  factor  which  entered  into  the  analysis  of  the  photoelastic 
model  was  the  effect  of  temperature  upon  the  heat  transfer  characteristics 
of  the  model  material.  When  this  factor  was  taken  into  account,  the  final 
experimental  arrangement  yielded  a  model  on  which  accurate  agreement  was 
obtained  (Ref.  8),  as  may  be  seen  both  in  the  theoretical  analysis  and  in  the 
experiments  (Figure  16). 
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THE  BONDED  POLARISCOPE 


The  previous  section  described  applications  of  a  new  field  of  photo¬ 
mechanics.  This  section  discusses  a  new  technique  for  three-dimensional 
photomechanics  which  has  been  used  successfully  in  studies  of  elastic 
problems  (Ref.  6),  and  is  now  being  developed  for  viscoelastic  investigations 
The  application  of  this  technique  to  problems  in  viscoelasticity  will  be 
discussed  in  the  final  section  of  this  report. 

The  bonded  polariscope  involves  the  selection  of  a  region  of  interest 
within  a  three-dimensional  model,  and  cementing  into  that  region  a  thin 
slice  of  model  material  sandwiched  between  plastic  polarizing  sheets.  This 
technique  has  been  applied  successfully  to  problems  in  both  mechanical  and 
thermal  stress  analysis. 

A  typical  calibration  curve  for  the  bonded  slice  is  derivable  by  em¬ 
ploying  a  beam  loaded  in  pure  bending  and  by  plotting  the  ratio  of  the  fringe 
order  at  a  given  distance  from  the  neutral  axis  to  the  fringe  order  at  the 
extreme  fiber  against  the  ratio  of  the  neutral  axis  distance  to  extreme  fiber 
distance.  A  calibration  curve  was  obtained  as  shown  in  Figure  17.  Com¬ 
parison  of  this  curve  with  that  obtained  for  a  beam  without  the  polarizing 
sheets  cemented  to  the  faces  reveals  no  significant  difference  between  the 
two  results. 

Since  the  elastic  modulus  of  the  photoelastic  epoxy  is  essentially  the 
same  as  that  of  the  polarizing  sheets,  there  was  no  competing  structural 
interaction  between  the  model  and  the  polariscope.  Furthermore,  the 
epoxy  monomer  cement  which  was  used  to  join  the  polarizing  sheets  to  the 
beam  hardened  to  essentially  the  same  stiffness  as  the  beam  material.  As 
a  result,  the  three  components  (beam,  cement,  and  polarizing  sheets) 
formed  a  mechanically  continuous  structure. 

One  successful  application  of  the  cemented  polariscope  is  revealed 
in  Figure  18  which  depicts  the  fringe  order  distribution  at  the  center  slice 
of  a  long  thick-walled  cylinder  subjected  to  a  temperature  chill  in  the 
bore.  This  result  was  compared  both  to  the  theoretical  prediction  of 
stress  as  a  function  of  the  temperature  field,  and  to  the  experimental 
result  for  a  thin,  flat  plate  of  cross  section  identical  to  the  cylinder.  The 
comparison  shown  in  Figure  18  indicates  good  agreement  of  theory  and 
experiment  (Ref.  6). 

The  following  discussion  of  photothermoviscoelasticity  indicates 
another  area  in  which  the  cemented  polariscope  is  expected  to  have  useful 
application. 


PHOTOTHERMOVISCOELASTICITY 

The  essential  problem  in  PTVE  is  the  optical  determination  of  the 
mechanical  behavior  of  a  viscoelastic  structure  subjected  to  temperature 
loading  (Ref.  10).  For  this  purpose  it  is  necessary  to  devise  an  experi¬ 
mental  procedure  for  determining  the  structural  behavior  since  none  exists 
at  present.  A  major  problem  in  use  of  the  bonded  polariscope  for  this 


purpose  is  revealed  in  Figure  19  which  demonstrates  (on  the  left  side  of 
each  figure)  the  growth  with  time  of  the  fringe  order  in  a  beam  under  pure 
bending  fabricated  from  a  photoviscoelastic  epoxy.  The  right  side  of  each 
photograph  reveals  the  optical  behavior  of  the  same  beam  with  Polaroid 
cemented  to  each  face. 

The  difference  between  the  fringes  in  the  bonded  polariscope  and 
unbonded  polariscope  areas  of  each  beam  are  immediately  apparent  upon 
progressing  from  the  top  to  the  bottom  of  the  photograph.  The  lower  fringe 
orders  observed  in  the  cemented  polariscope  presumably  are  due  to  the 
fact  that  the  polaroid  sheets  maintain  their  elasticity  while  the  beam 
continues  to  creep  under  dead  weight  loading.  This  stiffens  the  beam  and 
results  in  lower  fringe  orders. 

In  an  attempt  to  circumvent  this  difficulty,  polarizing  sheet  was  em¬ 
ployed  to  which  no  plastic  support  sheets  (as  found  in  standard  polaroid) 
were  added.  These  polarizers  were  cemented  to  the  faces  of  a  photovisco¬ 
elastic  strip  as  shown  in  Figure  20.  After  the  cement  hardened,  each 
bonded  sheet  was  machined  into  a  series  of  squares  of  gradually  diminishing 
size.  The  three  different  sets  of  grids  are  shown  in  this  figure. 

After  gridding  the  polarizers  the  beam  was  subjected  to  dead  weight 
bending  moment.  A  typical  result  is  shown  in  Figure  21  which  reveals  the 
extreme  stiffening  action  on  the  far  right  where  the  bonded  polarizing  sheets 
were  not  sliced.  With  the  relatively  coarse  grid  in  the  next  bay  to  the  left 
a  significant  increase  in  fringe  order  is  observed.  The  continued  reduction 
in  grid  size  led  to  relatively  little  further  increase  in  fringe  order. 

The  left  side  of  the  figure  (in  the  dark  shaded  area)  is  the  region  of 
the  beam  to  which  the  polariscope  was  not  bonded.  This  is  the  region  in 
which  uninhibited  viscoelastic  behavior  occurred.  It  may  be  seen,  by 
comparison  of  the  fringe  orders  in  this  area  with  those  in  the  beam  region 
to  which  polarizing  sheet  was  cemented,  that  the  agreement  of  fringe  order 
with  approximately  the  same  value  as  the  unrestrained  viscoelastic  be¬ 
havior  was  obtained  with  either  the  largest,  or  next  to  largest,  grid 
spacing  after  which  no  significant  beneficial  effect  was  obtained. 

The  largest  grid  spacing  was  0.050  of  an  inch.  Consequently,  for 
investigation  of  photoviscoelastic  behavior  (such  as  in  a  solid  propellant 
rocket  grain)  the  slicing  of  the  grid  work  into  0.  050  inch  squares  should 
yield  essentially  uninhibited  structural  action  of  the  model. 

As  an  additional  sidelight,  the  cement  utilized  in  this  investigation 
was  also  fabricated  in  a  viscoelastic  form  by  the  addition  of  plasticizers  to 
the  standard  epoxy  cementing  material  utilized  in  the  elastic  bonded  polari¬ 
scope  procedure. 

As  an  example  of  the  difference  in  behavior  between  elastic  and 
viscoelastic  structures,  Figures  22  and  23  reveal  the  result  obtained  with 
a  two  dimensional  four-pointed  star  rocket  grain  model  supported  in  a  rigid 
case.  In  these  two  studies  une  giain  model  was  manufactured  from  an 
elastic  plate  and  one  from  a  viscoelastic  plate.  They  were  fabricated  to 
yield  perfect  fit  at  40  degrees  Fahrenheit.  Both  models  were  slipped  into 
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the  supporting  rings  at  a  slightly  lower  temperature  after  which  the 
assemblies  were  removed  from  the  refrigerator  and  placed  in  a  circular 
polariscope.  Figure  22  reveals  the  result  obtained  with  the  elastic  model 
in  which  the  growing  interference  fit  between  the  model  and  the  steel  ring 
led  to  significantly  high  concentrations  of  stress  at  the  roots  of  the  stars. 

In  the  case  of  the  viscoelastic  model,  a  significant  reduction  in  fringe  order 
at  the  star  roots,  and  throughout  the  entire  star,  may  be  observed  in 
Figure  23. 

Because  of  the  dependence  of  fringe  order  upon  the  viscoelastic 
character  of  the  material  (that  is  to  strain  as  well  as  stress)  there  is  no 
immediate,  simple  way  for  evaluating  stress  in  terms  of  fringe  order  for  a 
viscoelastic  material.  A  much  more  complex  relationship  usually  exists 
(Ref.  10).  Consequently,  the  analysis  of  a  photoviscoelastic  fringe  patterns 
may  involve  procedures  almost  as  complex  as  the  theoretical  analysis  of 
the  structure  itself.  This  aspect  of  photomechanics  has  yet  to  be  developed. 

Work  in  PTVE  is  now  continuing  in  an  effort  to  improve  model  fabri¬ 
cation  and  diminish  the  difficulty  of  interpretation  of  fringe  pattern  data. 

One  promising  result,  recently  obtained,  is  the  discovery  of  a  material  in 
which  fringe  order  appears  to  be  directly  proportional  to  the  stress  although 
the  material  itself  exhibits  extremely  high  viscosity  while  behaving  basically 
as  a  solid  at  room  temperature.  This  material  may  provide  an  important 
property  both  in  modelling  viscoelastic  structural  behavior  and  simplifying 
the  analysis  of  viscoelastic  structural  bphavior  through  photomechanics. 
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TOP  VIEW  OF  GENERAL  ARRANGEMENT 


DETAIL  OF  IMPACTER  —MODEL  ARRANGEMENT 

Figure  l.  Schematic  Arrangement  of  Strobe  Lastic  Kquipmont 
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Figure  5.  Rrprcfniiljlivc  lt»  MM  Film  Strip  Showing  Successive  Kriisws  in  the  Recording 
of  an  Imjwct  »-■<  a  t'omjx?sUo  Ring  S.  sic- m 
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Figure  9,  Normalized  Parabolic  Temperature  Distribution  Observed  Across  a 
Rectangular  Plate  Model  During  a  Typical  Experiment 


Figure  11.  Correlation  of  Theory  and  Experiments  for  Parabolic  Temperature 
Distributions  on  Rectangular  Plates 


Figure  13.  Schematic  Arrangement  of  a  Multicell  Box  Beam  PTE  Model 
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THE  USE  OF  MODELS  FOR  CONTROL  OF  SONIC  ALLY  INDUCED  VIBRATION 


M.  Bernstein 
R.  Gross 


Grumman  Aircraft  Engineering  Corporation 
Dynamic  Analysis  Section 
Bethpage,  New  York 


ABSTRACT 


A  half-scale  dynamically-similar  model  of  a  non-uniformly-stiffened  fuselage 
structure  of  slightly  varying  cross  section  was  designed,  constructed,  and  tested  to 
obtain  data  on  the  response  of  the  full-scale  structure  to  propeller-noise  excitation. 

This  approach  was  chosen  as  the  logical  compromise  between  the  cost  of  a  full-scale 
accuracy  of  practicable  analytical  methods.  The  model  was  used  to  determine  how  the 
natural  frequencies  of  the  structure  might  be  varied,  if  necessary,  and  to  investigate 
means  for  reducing  internal  noise  and  vibration  levels.  As  an  indication  of  the  accuracy 
of  practicable  analytical  methods  when  applied  to  relatively  complex,  realistic  structures, 
a  comparison  was  made  between  the  experimental  vibration  characteristics  and  the  mode 
shapes  and  frequencies  computed  for  an  "equivalent"  uniform  cylinder  and  for  a  ring 
cross-section  with  stiffners  included. 
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THE  USE  OF  MODELS  FOR  CONTROL  OF  SONICALLY  INDUCED  VIBRATION 


By:  M.  Bernstein  and  R.  Goss 

Grumman  Aircraft  Engineering  Corporation 
Dynamic  Analysis  Section 
Bethpage,  New  York 


SUMMARY 


The  parameters  required  for  modeling  sonic  pressure  fields, 
structural  damping,  and  appropriate  elastic  properties  are  re¬ 
viewed.  The  difficulties  in  modeling  damping  and  fatigue  effects 
for  small  scale  structures  are  discussed.  Dividing  the  modeling 
process  into  a  small  scale  rigid  model  to  evaluate  pressure  fields 
and  a  larger  scale  dynamic  model  to  evaluate  the  response  or  even 
fatigue  life  appears  appropriate.  Experimental  work  on  determining 
the  response  of  a  half  scale  model  of  a  fuselage  section  to  a  sonic 
pressure  field  is  described  in  detail.  The  section  consisted  of  a 
non-uniformly  stiffened  almost  circular  fuselage  constructed  of 
skin,  frames,  and  heavy  widely  spaced  longerons.  Experimentally 
determined  modes  and  frequencies  are  compared  for  various  internal 
arrangements  of  partial  bulkheads  and  simulated  equipment  weight. 
Comparison  with  full  scale  aircraft  fuselage  response  is  shown. 


INTRODUCTION 


Design  of  present  and  future  flight  vehicles,  powered  by  pro¬ 
pulsion  plants  having  mechanical  forces  ranging  from  several  thou¬ 
sand  pounds  of  thrust  for  today's  "smaller"  turbojet,  turbofan  and 
rocket  engines  to  the  planned  rocket  engines  of  the  future 
generating  several  million  pounds  of  thrust,  requires  continued 
development  of  techniques,  both  analy.i.al  and  experimental,  for 
investigating  their  acoustical  and  related  structural  effects.  One 
of  the  answers  towards  treating  the  problem  lies  in  the  use  of 
scaled  models.  The  magnitude  and  size  of  full  scale  power  plants 
and  structures,  and  aspects  of  cost,  time,  availability  and  com¬ 
plexity  point  towards  utilization  of  scaled  models. 

Elastic  models  of  structures,  for  most  applications,  are 
limited  to  valid  representations  only  of  the  lower  modes.  Re¬ 
sponses  to  some  of  the  excitation,  however,  also  result  in  higher 
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frequency  shell  modes,  and  modeling  to  simulate  this  phenomena  re¬ 
quires  much  finer  structural  fidelity*  When  the  applied  forces  are 
broad  band  and  random  in  content  the  responses  are  primarily  reso¬ 
nant,  and  since  the  resonant  response  is  determined  principally  by 
damping,  it  is  necessary  that  the  damping  be  adequately  simulated 
in  the  model.  Furthermore,  if  fatigue  testing  of  the  models  is  to 
be  simulated,  microscopic  effects  such  as  stress  distribution  and 
residual  stresses  become  important  and  impose  a  practical  limit  on 
size  reduction. 

This  paper  will  discuss  aspects  concerning  acoustic  source  and 
structural  scale  modeling,  and  explain  in  detail  the  results  of  a 
scale  model  test  conducted  at  Grumman.  It  is  divided  into  two 
major  sections.  The  first  discusses  some  modeling  considerations 
required  for  reliable  model  testing  including  Modeling,  Sonic 
Sources,  Damping,  Fatigue  Considerations  and  Structural  Modeling. 
Section  II,  Model  Testing,  describes  work  done  on  a  1/2  scale 
center  section  fuselage  model. 
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SECTION  I  -  CONSIDERATIONS  IN  SCALE  MODEL  TESTING 


A.  -  Modeling  Sonic  Sources 

In  modeling  sonic  pressure  fields  for  controlling  sonically 
induced  vibration,  the  region  of  concern  is  generally  very  close 
to  the  source  of  excitation,  and  the  important  attributes  are  the 
spatial  and  temporal  distribution  of  the  pressure  spectrum,  since 
these  are  the  pressure  parameters  which  determine  the  generalized 
force . 


Reference  (1)  presents  an  extensive  study  of  the  use  of 
acoustical  scale  models  for  jet  and  rocket  engine  near  field  noise 
A  suitable  scaling  relationship  proposed  for  jet  exhaust  noise  is 
given  as: 


where : 


ft  »  Yf  i 


is  the  sound  pressure  level  as  a  function  of 
radial  distance  a  from  the  source  and  angle  © . 

is  the  density,  velocity,  and  speed  of  sound  in 
the  jet  at  a  reference  location. 


is  the  density  and  speed  of  sound  for  ambient  gas. 


is  the  characteristic  diameter  of  flow. 


is  the  solid  angle  of  radiation. 

is  the  Directivity  factor,  a  function  of  jet  Mach 
number,  speed  of  sound  ratio,  and  ©  . 

is  the  near  field  factor  as  a  function  of  K  and  rt. 


K  is  the  wave  number.  . 

The  first  three  ratios  on  the  right  side  of  the  inequality 
refer  to  the  nozzle  exit  conditions.  To  insure  repeatibility  and 
reliable  comparisons  for  separate  tests,  these  conditions  were  de¬ 
termined  (in  reference  1)  at  the  exit  plane  of  a  fully  expanded 
nozzle.  The  use  of  full  scale  flow  parameters  together  with  simi¬ 
larity  relationships  resulted  in  essentially  equal  sound  pressure 
levels  at  distances  scaled  by  the  nozzle  dimensions.  Generally 


gas  identical  to  full  scale  was  used,  and  temperature  and  pressure 
in  the  plenum  upstream  of  the  nozzle  were  maintained  at  full  scale 
values.  Total  acoustical  power  scaled  inversely  as  the  square  of 
the  nozzle  dimension,  while  frequency  scaled  in  accordance  with 
the  dimensionless  Strouhal  number: 

s 

t 


where 


f 

d 

v 


is  the  frequency. 

is  a  linear  dimension,  usually  the  nozzle  exit 
diameter 

is  the  jet  velocity. 


The  two  functions  and  G2  are  important  in  determining  the 

characteristics  of  the  near  field.  They  depend  on  the  proper  dis¬ 
tribution  of  the  effective  sources  of  noise  in  the  jet  exhaust. 
Profiles  of  the  jet  exit  velocity  and  temperature,  which  can  be 
altered  by  small  differences  in  nozzle  geometries,  may  effect  the 
distribution  of  noise  sources,  as  described  in  reference  (2),  and 
consequently  the  scaling  of  G^  and  G2.  Near  field  model  dimen¬ 
sions  and  flow  parameters  therefore,  should  be  carefully  con¬ 
trolled,  particularly  for  very  small  scale  models. 

Model  relationships  for  scaling  jet  noise  have  been  summarized 
on  Table  I.  Results  of  applying  scaling  techniques  to  J-57  and 
YJ-85-1  turbojet  engines,  and  a  Jupiter  liquid  rocket  engine  are 
shown  on  Figures  1,  2,  3  and  4;  taken  from  references  (1)  and  (3), 
where  other  examples  are  also  shown.  Agreement  with  full  scale 
ranged  from  good  for  a  J-57  to  poor  for  a  J-79  with  a  more  com¬ 
plicated  nozzle  shape.  The  small  model  of  the  Jupiter  engive  gave 
good  agreement  at  low  frequencies,  but  was  5  decibels  too  high  at 
high  frequencies,  possibly  due  to  poor  placement  of  the  bucket  ex¬ 
haust  deflector.  Correlation  coefficients  for  this  model,  as  a 
function  of  frequency,  were  compared  with  full  scale  at  two  posi¬ 
tions  and  were  in  reasonable  agreement  up  to  the  first  zero 
crossing. 

These  techniques  have  been  extended  to  the  modeling  of  sonic- 
sources  in  the  presence  of  reflecting  barriers  such  as  a  B-52  wing 
installation  and  a  Minuteman  Silo  installation.  Reasonable  agree¬ 
ment  was  obtained  at  lower  frequencies,  with  deviations  increasing 
as  freouency  increased. 

The  use  of  substitute  gases  was  also  satisfactorily  demon¬ 
strated  under  certain  conditions,  when  full  scale  flow  parameters 
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are  maintained  and  a  high  degree  of  control  utilized.  Helium 
proved  particularly  suitable. 

It  seems  apparent  therefore,  that  modeling  jet  and  rocket 
engine  exhaust  near  noise  fields  is  feasible  under  most  circum¬ 
stances,  when  full  scale  flow  parameters  are  utilized  and  a  high 
degree  of  control  maintained. 

Another  sonic  source  of  great  interest  in  model  testing  at 
Grumman  was  the  aircraft  propeller.  In  this  case  the  fundamental 
blade  passage  pressure  component  in  the  near  field  at  locations 
about  a  fuselage  were  required.  The  difficulty  arose  in  trying  to 
reproduce  the  time  history  of  the  traveling  source  as  the  propeller 
blade  swept  past.  A  time  history  of  the  pressure  anticipated 
during  one  cycle  over  110°  of  a  fuselage  is  shown  on  Figure  5. 

This  was  calculated  graphically,  assuming  the  source  of  near  field 
noise  as  concentrated  near  the  propeller  tip.  The  pressure  field 
from  a  single  speaker  during  a  test  is  also  plotted  on  the  same 
scale  for  comparison.  During  portions  of  the  cycle,  it  is  apparent 
that  the  speaker  is  out  of  phase  with  the  applied  force.  Repro¬ 
ducing  the  distributed  source  appeared  to  be  a  formidable  problem, 
hence,  an  alternate  method  was  utilized.  The  generalized  force  in 
the  first  experimentally  determined  mode  was  calculated  for  two 
different  sources,  the  propeller  and  speaker  induced  acoustic  test 
field,  and  the  ratio  was  used  to  modify  the  measured  structural 
response.  This  technique  was  considered  feasible  because  there 
was  no  requirement  to  reproduce  the  full  scale  values  of  sound 
pressure.  The  intent  in  these  model  tests  was  to  scale  the  meas¬ 
ured  response  of  the  model  linearly  for  the  difference  between 
model  and  full  scale  sonic  pressures. 

B.  -  Damping 

Damping  in  structures  generally  results  from  material  hys¬ 
teresis  under  stress,  radiation  damping, and  friction 
damping  at  joints  and  interfaces. 

The  largest  amount  of  structural  damping  is  attributed  to 
energy  loss  in  riveted  joints.  The  advent  of  wide  band  sources 
of  excitation  has  focused  attention  on  the  damping  mechanism  since 
most  structural  response  occurs  at  resonant  frequencies.  Measure¬ 
ments  reported  in  reference  (4)  indicated  that  damping  may  not  be 
due  to  the  design  and  number  of  connectors  but  to  the  relative 
motion  at  the  interface  some  distance  from  the  connectors.  Rivet 
spacing  may  have  little  effect  once  sufficient  rivets  have  been 
added  so  that  the  maximum  clamped  area  has  been  achieved.  The 
conclusions  of  the  study  indicated  tliat  damping  of  joints  appears 
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to  be  linear  up  to  high  amplitudes j  is  not  primarily  associated 
with  connectors  or  structure  in  the  immediate  vicinity  of  con¬ 
nectors,  is  higher  for  lowet  clamping  forces  or  more  lubrication, 
and  is  relatively  independent  of  bending  stiffness. 

In  the  past,  most  aircraft  panel  testing  for  fatigue  has 
utilized  full  scale  sections  so  that  representative  fastener  tech¬ 
niques  were  used.  Fastener  spacing  and  size  is  generally  deter¬ 
mined  by  shear  and  bearing  loads,  and  by  spacing  required  to 
prevent  sheet  edge  buckling.  Tension  loads  in  fasteners,  which  are 
important  in  damping,  is  not  generally  considered  during  design. 

Scaling  for  joint  damping  might  be  accomplished  by  scaling 
the  joint  areas,  the  number  and  spacing  of  rivets,  and  the  rivet 
diameter  and  length,  provided  the  clamping  force  could  be  dupli¬ 
cated.  Ono  approach  might  be  to  design  tightly  clamped  joints 
and  assume  that  this  would  be  a  conservative  procedure.  Separate 
joint  tests  might  be  considered  during  model  development  to 
evaluate  this  factor. 

The  practical  difficulties  in  scaling  joint  damping  are  a 
detriment  to  the  wider  use  of  small  scale  structures  for  vibra¬ 
tion  response  and  fatigue  tests. 

Radiation  damping  can  also  contribute  significantly  to  the 
overall  damping  mechanism  under  some  conditions,  particularly  when 
the  frequency  is  high.  Maximum  damping  occurs  at  coincidence, 
when  the  speed  of  flexural  waves  in  the  structure  are  equal  to  the 
speed  of  acoustical  waves  in  the  surrounding  medium.  This  fre¬ 
quency  is  generally  above  the  region  of  interest  in  fatigue  for 
most  practical  aircraft  structures.  Radiation  damping  of  a  lesser 
amount  occurs  below  this  frequency  but  above  the  frequency  -f  . 

CQ  is  the  speed  of  sound  and  a  is  the  longer  plate  or  beam  dimen¬ 
sion,  Relationships  applicable  for  radiation  damping  are  shown  in 
references  (4)  and  (5). 

In  most  cases,  the  damping  values  at  coincidence  include  the 
ratio  of  surface  area  to  the  product  of  mass  and  frequency,  which 
should  make  them  non-dimensional,  if  size  were  scaled  uniformly. 

This  would  not  be  true  however,  if  different  scale  factors  were  to 
be  used  for  skin  thickness,  since  in  this  case  the  mass  would  in¬ 
crease  relative  to  the  surface  area  and  the  effective  damping  would 
decrease.  In  order  to  demonstrate  the  orders  of  magnitude  involved, 
calculations  were  performed  as  shown  on  Table  II.  It  may  be  noted 
that  the  plate  coincidence  frequencies  were  all  very  high. 

Generally  this  frequency  range  is  considerably  above  that  of  concern 
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in  structural  design.  The  values  below  coincidence,  but  above 
the  lower  boundary,  would  be  more  important  and  it  may  be  noted 
that  the  actual  damping  values  are  low. 

It  can  be  concluded  then  that  radiation  damping  in  small 
model  panels  could  be  significantly  higher  than  full  scale  if 
models  are  not  scaled  uniformly  for  size. 

Material  damping,  as  discucsed  in  reference  (6),  is  a  direct 
function  of  stress,  and  is  not  expected  to  be  important,  or  to 
differ  significantly  in  most  model  applications  where  standard 
metals  are  used  and  where  stress  levels  are  well  below  the  fatigue 
strength.  If  uniform  scaling  for  size  is  applied,  then  the  stress 
distribution  in  the  model  would  be  the  same  as  in  the  full  scale 
structure  except  at  stress  concentration  areas.  In  these  areas 
stresses  in  models  might  be  higher  than  in  full  scale  structure, 
but  if  such  concentrations  are  limited  to  a  small  portion  of  the 
total  stressed  volume,  then  they  should  not  appreciably  increase 
the  total  material  damping.  Material  damping  therefore,  can  be 
substantially  scaled  directly  with  size,  but  is  not  expected  to 
be  important . 

C.  -  Fatigue  Considerations 

Scaling  the  fatigue  factor  is  one  of  the  least  certain  as¬ 
pects  of  modeling.  Size  effects  have  been  reported  by  Weibull  in 
reference  (7) .  He  noted  that  stable  crack  propagation  rates  were 
proportional  to  the  size  of  geometrically  similar  specimens. 
Peterson  in  reference  (8)  reported  that  on  a  series  of  fatigue 
tests  of  geometrically  similar  tensile  specimens  with  holes,  the 
notch  sensitivity  decreased  rapidly  as  the  hole  diameter  decreased 
below  1/4  inch.  Stress  gradients  are  also  important  in  decreasing 
notch  sensitivity  and  thereby  increasing  fatigue  life.  Other 
factors  such  as  frequency  effects  are  also  not  amenable  to  scaling. 
A  discussion  of  these  factors  by  C.  Gray,  in  a  generally  sym¬ 
pathetic  study  of  modeling  for  sonic  fatigue  presented  in  refer¬ 
ence  (3) ,  concluded  that  experimental  verification  would  be 
required  to  obtain  a  size  scaling  factor.  In  view  of  the  scat¬ 
tered  nature  of  full  scale  test  data  and  the  development  still 
required  to  establish  random  fatigue  design  procedures,  it  would 
appear  difficult  to  demonstrate  adequate  fatigue  life  in  small 
scale  models  with  high  confidence. 

D.  -  Structural  Modeling 

Elastic  models  of  structures  for  most  applications  are  limited 
to  representing  the  lower  modes  with  validity.  This  has  been 
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generally  the  case  on  aeroelastic  models,  and  on  models  designed 
to  determine  the  elastic  body  effects  on  control  systems.  Re¬ 
sponse  to  sonic  excitation,  however,  generally  occurs  in  higher 
frequency  shell  modes  of  structures,  and  modeling  to  represent 
this  phenomena  requires  much  finer  structural  fidelity.  When  the 
applied  pressures  are  broad  band  random,  the  response  is  primarily 
resonant,  and  since  the  resonant  response  is  determined  princi¬ 
pally  by  damping  it  is  necessary  that  the  damping  be  adequately 
represented  in  the  model.  Furthermore,  if  fatigue  is  also  to  be 
modeled,  microscopic  effects  such  as  stress  distribution  and  resi¬ 
dual  stresses  become  important  and  impose  a  practical  limit  on 
reduction  in  size. 


When  considering  scaling  relationships  applicable  to  repro¬ 
ducing  mode  shapes  of  frequencies,  techniques  commonly  applied 
for  modeling  lower  elastic  modes  are  used  as  shown  in  reference 
(9).  The  equations  of  motion  are  transformed  into  dimensionless 
variables  and  dimensionless  ratios  of  elastic  and  inertial  para¬ 
meters  at  reference  locations.  Applications  of  this  technique 
have  been  worked  out  to  illustrate  the  procedure  for  determining 
scaling  relations  for  typical  sonically  excited  structures. 

Two  types  of  structures  in  which  sonic  excitation  are  impor¬ 
tant  are  contained  in  rocket  launch  vehicles  and  stiffened  skin 
panels.  Scaling  factors  have  been  set  up  for  a  simple  example  of 
each  type  of  structure  to  demonstrate  the  approach. 


D-l.  -  Launch  Vehicle 


Consider  a  launch  vehicle  to  be  represented  by  a  long  beam  in 
bending  including  shear  and  rotary  inertia  effects.  The  equation 
of  motion  for  such  a  beam,  using  the  notation  of  page  69  of  refer¬ 
ence  (9)  is: 


//-. " 


m 


where : 


is  the  lateral  deflection  due  to  bending  and 
shearing  strains. 


is  the  mass  per  unit  length. 


Eiry. 


is  the  mass  moment  of  inertia  per  unit  length, 
is  the  bending  stiffness. 
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is  the  shearing  stiffness . 

F,  ( is  the  intensity  of  the  applied  transverse  load. 

The  first  term  represents  the  contribution  due  to  the  rotary  in¬ 
ertia  of  the  beam  element,  the  second  is  due  to  bending,  the  third 
is  the  inertia  load,  the  fourth  is  obtained  from  the  shear  contri¬ 
bution  and  since  shear  is  coupled  with  both  rotary  inertia  and 
bending,  the  terms  are  somewhat  complex.  The  variable  describing 
motion  is  displacement  due  to  bending  which  appeared  to  be  the 
most  convenient  one  to  use. 

Values  of  the  parameters  used  to  describe  the  ratios  at 
reference  locations  were  as  follows: 

m ( vp  =  kj  ot  ( ^ ^  ^ 


when  these  values  are  substituted  into  the  equation  and  the  coef¬ 
ficients  are  made  non-dimens ionalized  the  equation  becomes: 


Utilizing  these  relationships,  then,  a  model  which  is  conven¬ 
ient  in  size  and  frequency  can  be  set  up.  For  example,  if  it  is 
desired  to  construct  a  model  of  a  cylindrical  cross  section  launch 
vehicle  with  1/20  the  length  of  the  original,  10  times  the  fre¬ 
quency,  and  made  of  the  same  material  but  with  a  skin  thickness  of 
1/5  of  the  original  (instead  of  1/20,  which  would  furnish  construe - 
tural  difficulties),  the  following  relations  between  full  scale  and 
model  would  apply; 
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This  model  would  have  the  same  frequency  ratio  and  modes  as  the 
full  scale  unit.  The  ratio  of  displacement  to  force  would  be  four 
times  as  high  on  the  prototype  as  on  the  model  so  that  with  the 
force  scaled  properly,  and  with  damping  at  resonance  adequately 
scaled,  as  discussed  previously,  the  full  scale  stresses  would  be 
reproduced. 

The  reader  is  referred  to  reference  (13)  for  an  extensive 
discussion  of  launch  vehicle  models  and  their  application  in  the 
Saturn  program. 

D-2.  -  Panels  Reinforced  By  Orthogonal  Stiffness 

A  large  class  of  sonically  induced  vibration  problems  occur 
on  orthogonally  stiffened  skin  sections  of  aircraft  and  missiles. 

As  a  simple  representative  of  such  a  structure  consider  a  flat 
anisotropic  plate  of  dimensions  "a"  long  and  "b"  wide  subjected  to 
pure  bending  as  shown  on  page  84  of  reference  (10).  The  equation 
of  motion  would  be: 

Dx  4V  4.  Z  2.Dyu).AV„ ...  4  Du  ur  -*  o,  4-  ur 

^  "fox2  by2  T  3  dy*  * 

The  flexural  rigidities,  D,  could  be  represented  by  combined 
plate  and  beam-theory.  Here  the  "m"  is  the  average  mass  per  unit 
surface  area.  This  relation  applies  to  stiffener  elements  which 
are  relatively  closely  spaced  compared  to  the  overall  dimensions 
of  the  plate. 

Values  of  the  parameters  used  to  describe  the  ratios  at  refer¬ 
ence  locations  were  the  flexural  rigidities  and  the  applied  load, 
q,  and  inertia  load,  mw.  In  order  to  make  the  equations  dimension¬ 
less  all  terms  were  multiplied  by  the  plate  area  squared,  after 
non-dimensionalizing  the  deflection  w.  With  these  substitutions, 
the  non-dimensionalized  equation  can  be  expressed  as: 
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Here  the  ratios  of  flexural  rigidities  in  the  two  directions 
and  the  cross  and  twisting  rigidity  ratios  would  have  to  be  main¬ 
tained.  Flexural  rigidity  estimates  using  combined  plate  and  beam' 
theory  as  described  in  reference  (11)  are: 


Dx  =  E  ( I  +  I„  ) 
D.  =  v  Bx 


=  I 


i  -  v  *■ 


Dxij  =  z  0-  >*)  l)x 


where  : 
cl  b 


Cf 
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are  plate  width  and  lengths  in  the  coordinate 
directions. 

are  the  Moduli  of  Elasticity  of  the  skin  and 
frames. 

is  the  Moment  of  Inertia  of  the  frames  . 

is  the  Moment  of  Inertia  of  the  longerons  . 

is  the  Moment  of  Inertia  of  the  portion  of  the 

skin  active  in  bending  in  the  ^  direction . 

is  the  Moment  of  Inertia  of  the  portion  of  the 
skin  active  in  bending  in  the  X  direction. 

is  the  applied  pressure  load  per  unit  area  . 

is  the  displacement  normal  to  the  plate  surface. 


Reduction  in  size  for  scaling  would  be  done  by  changing  the  moments 
of  inertia  of  the  stiffeners  and  skins  by  different  amounts,  where 
convenient,  provided  that  the  proper  ratio  is  maintained.  Scaling 
for  frequency  can  also  be  different  than  scaling  for  size,  if 
desired,  provided  the  mass  per  unit  area  is  properly  adjusted. 
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SECTION  II  -  MODEL  TESTING 


The  discussion  heretofore  has  been  concerned  wit'  some  general 
aspects  of  modeling  to  determine  the  response  of  structures  to 
sonic  excitation.  A  specific  application  of  the  technique  will  now 
be  described. 

In  the  early  planning  stages  for  a  new  aircraft  at  Grumman, 
the  E-2A,  predictions  of  the  vibratory  response  at  the  fuselage 
area  near  the  propeller  plane  were  required.  A  view  of  the  air¬ 
craft  is  shown  on  Figure  6.  The  fuselage  was  to  be  irregularly 
shaped  and  stiffened  by  6  major  longerons  and  some  intercostals. 
Other  aircraft  already  constructed  using  the  same  propeller  and 
engines  had  required  some  redesign  to  avoid  skin  fatigue  cracks 
in  the  propeller  plane  area.  Since  carrier  stowage  requirements 
restricted  the  propeller  tip  clearance  to  14  1/4  inches,  noise 
levels  at  141  db  at  a  discrete  frequency  were  predicted.  It  was 
decided,  therefore,  to  conduct  a  combined  analytical  and  model 
testing  program  with  the  following  objectives: 

A.  Avoid  fuselage  resonances  near  propeller  blade  passage 
frequency. 

B.  Determine  the  effect  of  possible  design  changes  on  the 
natural  frequencies,  and  on  the  response  at  resonance. 

This  was  particularly  important  in  this  case  because 
the  propeller  rotated  at  a  constant  speed. 

C.  Compare  results  from  available  analysis  of  orthogonally 
stiffened  regular  fuselage  shell  with  model  tests,  and 
adjust  parameters  so  that  the  effect  of  changes  in  some 
variable  could  be  studied  analytically. 

D.  Predict  the  variation  in  vibratory  response  over  a  fre¬ 
quency  range  near  propeller  blade  passage  to  investigate 
the  possibilities  of  vibration  reduction  by  designing 
the  fuselage  for  a  specific  frequency,  and  of  applying 
some  phasing  control  to  the  applied  force. 

E.  Utilize  the  model  to  evaluate  vibration  and  acoustical 
control  measures  such  as  damping  and  acoustical  insula¬ 
tion. 

Scaling  considerations  were  reviewed.  In  view  of  the  require¬ 
ment  for  predicting  response  it  was  decided  that  joints  with 
fasteners  would  have  to  be  carefully  controlled,  thus  limiting  the 
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size  and  manufacturing  procedures.  The  full  scale  skin  was  .040", 
and  full  scale  radius  40".  The  model  was  to  be  made  from  hand 
formed  elements  and  interior  and  boundary  bulkheads  were  to  be 
representative.  The  model  length  was  determined  by  locations  of 
a  stiff  cabin  bulkhead  forward  and  a  partial  bulkhead  tying  into 
the  forward  wing  beam  aft.  After  reviewing  alternate  costs  for 
design,  manufacture,  and  assembly  of  various  scale  models,  it  was 
decided  that  a  1/2  scale  representation  would  be  used.  This  had 
the  advantage  of  allowing  work  to  proceed  from  regular  drawings 
marked  up  to  show  short  cuts  desired. 

The  model  shown  in  Figure  7  was  tested  first  as  an  empty  cyl¬ 
inder  with  and  without  the  rear  end  restraint.  These  tests  were 
conducted  to  allow  comparison  with  an  available  analytical  program 
(reference  11)  for  calculating  modes  and  frequencj.es  of  a  uniform 
orthogonally  stiffened  cylinder.  Mode  shapes  and  frequencies  were 
measured,  as  well  as  the  frequency  response  to  a  constant  acous¬ 
tical  pressure  level.  The  shell  was  then  modified  by  the  instal¬ 
lation  of  partial  bulkheads  intended  for  use  as  equipment  supports, 
at  actual  locations.  The  effects  of  variation  in  radial  restraint 
at  the  rear  end  of  the  test  section  was  determined  by  testing  in 
turn  with  three  different  possible  partial  bulkhead  configurations 
installed.  When  these  tests  were  complete,  a  series  of  weights 
totaling  128  lbs  was  installed  on  rubber  to  simulate  the  resil¬ 
iency  mounted  equipment  planned  for  the  aircraft.  The  original 
weight  of  the  fuselage  section  was  42  1/2  lbs  so  that  this  repre¬ 
sented  a  three  fold  increase  in  total  weight.  Testing  was  repeated 
once  again.  Finally  the  cylinder  was  tested  with  tie  rods  across 
the  center  to  simulate  the  effect  of  a  severe  radial  restriction  on 
the  center  of  the  shell. 

Results  of  the  mode  shape  tests  for  the  basic  shell  with  and 
without  bulkheads  are  shown  on  Figure  8.  It  is  apparent  that  the 
forward  bulkhead  is  relatively  rigid  while  the  rear  is  free.  The 
effect  of  restraining  the  end  by  a  bulkhead  is  shown  by  the  three¬ 
fold  increase  in  frequency  for  almost  the  same  circumferential  mode 
shape.  One  interesting  phenomena  is  the  tendency  for  the  symmetric 
and  antisymmetric  modes  to  alternate  as  the  frequency  is  increased, 
as  summarized: 
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Frequency 

f,  cps 

Number  of  Axial 
Half  Waves 
m 

Number  of  Circum¬ 
ferential  Waves 
n 

Description 

142 

1 

2 

symmetric 

156 

1 

3 

antisymmetric 

172 

1 

3 

symmetric 

248 

1 

4 

antisymmetric 

261 

1 

4 

symmetric 

306 

2 

4 

antisymmetric 

332 

2 

4 

symmetric 

It  was  not  possible  to  excite  an  antisymmetric  mode  for  rv=Z.  Using 
one  or  two  shakers  in  or  out  of  phase,  or  one  or  two  acoustical 
sources  did  not  significantly  change  the  mode  shapes  obtained. 

Partial  bulkheads  were  installed,  as  shown  on  Figure  9,  and 
simulated  end  bulkheads  were  added  as  radial  restraints  at  the 
rear  end  of  the  cylinder.  A  tabulated  summary  of  the  change  in 
peak  response  frequencies  and  amplitudes  is  shown  on  Table  III. 

The  excitation  was  controlled  by  monitoring  the  acoustical  levels 
near  the  two  sources.  The  addition  of  the  intermediate  bulkheads 
significantly  increased  the  frequencies  of  peak  response  for  the 
lowest  three  modes  by  22%,  48%  and  17%,  respectively.  The  reduc¬ 
tion  on  frequency  due  to  the  use  of  a  light  partial  end  bulkhead 
was  also  obtained  from  these  test  results.  Hasses  simulating  the 
equipment  to  be  used  in  the  interior  were  mounted  in  the  shell  on 
foam  rubber  simulating  a  low  frequency  (15  cps)  mounting  system, 
and  the  effect  was  evaluated.  Variation  of  response  to  acoustic 
excitation  with  frequency  is  shown  on  Figure  10.  The  peak  levels 
decreased  because  of  the  added  damping  but  the  frequencies  were 
not  reduced  a  large  amount  because  the  resilient  mounting  of  the 
equipment  isolated  much  of  the  mass  at  the  fuselage  resonance. 
Damping  values  for  the  fuselage,  as  estimated  from  the  frequency 
response  curves,  varied  from  .02  to  .05,  the  latter  after  the 
masses  were  installed  in  the  system.  The  modes  in  which  this 
damping  occurred  were  below  cutoff  frequency  and  therefore  not 
attributable  to  radiation  damping.  Subsequent  measurements  of 
damping  on  a  full  scale  airplane  were  all  less  than  .01.  Higher 
damping  values  in  the  model  seem  reasonable  because  the  tests  had 


to  be  conducted  before  the  model  had  been  completed,  so  some 
rivets  were  not  in  place,  possibly  causing  higher  energy  dissipa¬ 
tion  in  the  joints. 

One  of  the  objectives  of  the  model  test  program  was  to  es¬ 
tablish  a  basis  for  analytical  comparisons.  The  analyses  avail¬ 
able  treated  a  uniform  cylindrical  shell  and  the  absolute  values 
of  the  frequencies  computed  for  the  model  were  much  higher  than 
the  measured  values.  However,  the  relative  shifts  in  frequencies 
for  corresponding  modes  were  considered  sufficiently  valid  to 
study  some  of  the  structural  variables.  The  results  were  non- 
dimensional  ized  so  that  they  could  then  be  applied  to  the  model. 
Results  of  analytically  increasing  the  skin  thickness,  increasing 
the  cylinder  length,  and  changing  the  stiffness  of  the  frames 
using  the  analysis  in  reference  (11)  are  all  shown  in  Figure  11. 

It  may  be  noted  that  changing  the  frame  stiffness  had  a  relatively 
moderate  effect  on  the  frequency,  since  an  increase  by  a  factor  of 
4  resulted  in  a  20%  increase  in  frequency.  Doubling  the  skin 
thickness  actually  decreased  the  natural  frequency  by  a  small 
amount,  an  interesting  and  unexpected  result. 

In  order  to  determine  the  difference  between  a  uniform  shell 
and  the  actual  model  the  kinetic  energy  in  the  shell  for  the  low 
frequency  mode  was  calculated  using  the  experimentally  determined 
mode  shapes  and  the  actual  mass  distribution.  The  value  obtained 
was  within  5%  of  energy  calculated  by  assuming  regular  sinusoidal 
circumferential  mode  shapes  on  an  equivalent  shell  with  the  mass 
uniformly  distributed.  Since  the  frequency  calculated  for  the 
uniform  cylinder  was  40%  higher  than  the  measured  model,  it  was 
assumed  that  the  potential  energy  had  been  considerably  over¬ 
estimated  in  the  analysis. 

The  response  of  the  model  to  frequencies  near  propeller  blade 
passage  was  of  primary  interest.  Response  as  a  function  of  fre¬ 
quency  is  shown  on  Figure  10.  It  should  be  noted  that  large  varia¬ 
tions  are  possible  for  small  frequency  shifts  near  blade  passage 
frequency  because  the  damping  is  light  and  the  shell  resonances  are 
well  separated.  The  blade  passage  frequency  and  its  harmonics  are 
shown  by  arrows  at  the  bottom  of  the  figure.  These  experimental 
results,  principally  the  effect  of  radial  straps  shown  on  Table 
III,  prompted  a  design  change  to  include  a  stiffer  ring  frame  at 
the  center  of  this  fuselage  section  near  the  propeller. 

A  comparison  of  model  and  full  scale  mode  shapes  at  the  fun¬ 
damental  frequency  is  shown  on  Figure  12.  There  are  two  full  scale 
patterns  shown  for  two  different  aircraft.  Aircraft  #2  was  loaded 
with  ballast  plates  on  the  floor  in  place  of  a  large  quantity  of 


electronic  equipment  so  that  the  mass  distribution  differed  consi¬ 
derably  from  the  model.  The  #3  aircraft  mode  shape  was  more 
regular  and  did  not  differ  materially  from  the  model.  The  longi¬ 
tudinal  mode  shape  on  aircraft  #2  shows  that  the  rear  partial 
bulkhead  end  condition  was  not  as  stiff  as  the  model,  and  this  is 
believed  responsible  for  part  of  the  difference  in  frequency  be¬ 
tween  model  and  full  scale.  The  frequency  in  #3  aircraft  was  not 
that  of  the  peak  response  which  probably  occurred  at  a  lower  value. 
This  75  cps  frequency  was  chosen  to  determine  the  deformation 
pattern  anticipated  near  blade  passage  frequency  of  75  cps. 

Peak  vibration  levels  at  blade  passage  frequency  were  esti¬ 
mated  from  the  model  measurement.  The  measured  response  was 
corrected  for  the  difference  in  sound  pressure  level  between  the 
model  and  anticipated  full  scale  pressures,  and  also  for  the  esti¬ 
mated  difference  in  generalized  force  between  the  acoustical 
sources  used  in  the  test  and  an  actual  propeller.  The  estimated 
peak  value  of  vibration  was  .001  inches  DA.  The  actual  measured 
value  was  .005  inches  DA.  However,  the  aircraft  configuration 
differed  in  several  important  aspects  from  the  model,  that  is  the 
restraint  at  the  rear  of  the  cylinder  was  lower  in  the  aircraft, 
a  stiffened  ring  was  added  to  the  fuselage  near  the  propeller,  and 
the  full  scale  damping  was  considerably  lower.  A  comparison  be¬ 
tween  model  and  full  scale  amplitudes,  therefore,  cannot  be  consi¬ 
dered  valid. 

Another  investigation  employing  a  smaller  1/4  scale  model  in 
a  sonic  field  was  reported  by  Roberts,  Eldred,  and  White  recently 
in  reference  (12).  The  results  of  this  test  also  showed  good 
agreement  in  some  respects  with  full  scale,  and  poor  in  others. 


CONCLUSIONS 


A  model  noise  source,  such  as  produced  by  jet  or  rocket  en¬ 
gine  exhausts,  will  scale  the  near  field  noise  to  a  reasonable 
degree  of  accuracy  provided  the  flow  parameters  are  nearly  iden¬ 
tical  to  the  full  scale  source.  The  degree  of  control  of  the 
dimensions  and  flow  parameters  becomes  more  important  as  the 
model  scale  factor  becomes  smaller. 

Three  types  of  structural  damping  mechanisms  are  considered, 
namely:  joint  damping,  radiation  damping  and  material  hysteresis 
under  stress.  Only  joint  damping  contributes  significantly  to  the 
overall  damping  mechanism  throughout  the  entire  frequency  range. 
Although  joint  damping  simulation  might  be  accomplished  by  scaling 
joint  areas,  number  and  spacing  of  rivets,  and  rivet  diameter  and 
length,  providing  damping  forces  can  be  duplicated,  practical  dif¬ 
ficulties  occur  which  tend  to  minimize  simulation  effectiveness. 

Demonstration  (with  a  high  degree  of  confidence)  of  fatigue 
life  in  small  scale  structural  models  appears  difficult  because  of 
the  scattered  nature  of  the  full  scale  test  data. 

Several  pertinent  observations  from  the  model  tests  on  the 
half  scale  fuselage  section  are  as  follows: 

1.  Simplified  shell  analysis  overestimated  the  potential 
energy  and  resulted  in  high  calculated  resonant  fre¬ 
quencies. 

2.  Adding  sufficient  radial  stiffness  to  the  cylindrical 
fuselage  to  provide  simple  support  end  conditions  was 
the  most  effective  step  in  increasing  the  resonant 
frequencies. 

3.  The  model  provided  data  by  which  the  effects  of  struc¬ 
tural  modifications  on  the  resonant  frequencies,  such 
as  partial  bulkheads,  varying  end  restraints,  and 
added  masses  could  be  effectively  evaluated. 
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TABLE  I 


ACOUSTIC  MODEL  SCALING  LAWS 
FOR 

JET  AND  ROCKET  ENGINE  NOISE 


Parameter 
Dimens ions 
Acoustic  power 
Frequency 
Time 

Sound  pressure  level 

Spatial  correlation 


Directivity 

Jet  exit  velocity 

Jet  total  temperature 

Effux  density 

Mach  Number 

Thrust 


Total  mass 


where :  n  = 


Model 


Full  Scale 


Scale  Factor 


n 

2 

n 


same  as  full  scale  -  at 
scaled  location  and  scaled 
frequency 

same  as  full  scale  -  at 
scaled  location  and  scaled 
frequency 

same  as  full  scale 

same  as  full  scale 

same  as  full  scale 

same  as  full  scale 

same  as  full  scale 

2 

n 
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TABLE  II 


RADIATION  DAMPING  VALUES 


.  Simply  Supported  Square  Plates 


Fundamental 
Resonance , 
cps 


Radiation 
Damping 
Ratio  Near 
Lower  Limit¬ 
ing  Fre¬ 
quency  (Both 
Sides) 


Coincidence 

Frequency, 

cps 


Applicable 

Formula 


Calculated  Values 
for  Panels 


4" 


19.2  x  10  a 

n  2 


Low  Fre¬ 
quency  Limit 
for  Effec¬ 
tive  Radia¬ 
tion,  cps 


Co, 

IT  a 


14.8x10 


JL 

T  c. 


R  C, 


Radiation 
Damping  Ratic 
Above  Coin¬ 
cidence  Fre¬ 
quency  (Both 
Sides) 


2,  Tn,  o* 


Calculated  Values  for  Beams 


Simply  Supported 


Applicable 

Formula 


Simply  Supported 
X  =  .04  in4 
A  =  .15  in2 


I  -  .04  in4, 


A  =  .15  in2 
With  .040”  Sheet 
Attached  as  a 
Radiation  Surface 


Fundamental 

Resonance 


31.73x104-^x 


16.4  x  10 
.2 


Beam  Coin- 
dence  Fre¬ 
quency 


Rcl 


285  cps 


285  cps 


Radiation 
Damping 
Ratio  Above 
Beam  Coinci¬ 
dence  Fre¬ 
quency 


p  A  L  to 


.00074 


P  A  L  to  Y/J* 


.0095 


NOTE:  The  reader  is  cautioned  to  consult  reference  (4)  for  the 
assumptions  and  limitation.':  in  the  formulas  shown. 


TABLE  II  (continued) 


Symbols : 

A 

a 

Cfc 

CL 

K 

L 

yn* 

p 

R 

ur 

P* 

P 


is  the  cross  sectional  area  of  the  be.jn,in 
is  the  plate  side, in. 

is  the  speed  of  sound  in  air, in.  sec.  ^ 
is  the  speed  of  longitudinal  waves  in  metal,  in.- sec. 
is  the  plate  thickness ,  in. 
is  the  beam  length,  in. 

-1  2 

is  the  generalized  mass,  lbs  .-in.  -  sec. 

is  the  Panel  Periphery,  in. 

is  the  beam  radius  of  gyration, in. 

is  the  width  of  the  beam  radiating  surface,  in. 

-4  2 

is  the  density  of  air,  lbs. -in.  -sec. 
is  the  density  of  aluminum,  lbs. -in. sec. ^ 
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VIBRATION  TESTING  DURING  HIGH  HEAT  RATES 


K.  L.  McIntyre 

General  Dynamics/  Pomona. 

A  Division  of  General  Dynamics  Corporation 
Pomona 


ABSTRACT 

Test  facilities,  techniques,  and  results  are  presented  for  vibration  model  tests 
of  a  thin,  very  low  aspect  ratio  wing  subjected  to  transient  heating.  The  two  inde¬ 
pendent  closed  control  loops  are  described  that  are  used  to  track  and  excite  the  modes, 
and  to  obtain  the  desired  temperature  time  history.  Time  history  data  are  presented 
for  frequency  and  shape  of  five  wing  vibration  modes  subjected  to  heat  rates  as  high  as 
300°F/ second,  maximum  temperatures  of  650°F,  and  geometric  temperature  gradients 
as  high  as  110°F/  inch.  Some  comparisons  of  theoretical  to  test  results  are  made. 
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VIBRATION  TESTING  DURING  HIGH  HEAT  RATES 

K.  L.  McIntyre 

General  Dynamics/Pomona 
A  Division  of  General  Dynamics  Corporation 
Pomona 


INTRODUCTION 

The  high  velocities  and  accelerations  characteristic  of  todays 
interceptor  missiles  result  in  a  severe,  rapidly  varying  thermal  environ¬ 
ment  for  their  lifting  surfaces.  This  thermal  environment  and  the 
accompanying  high  dynamic  pressures  require  evaluation  of  the  aerothermo- 
elastic  stability  of  the  interceptor  lifting  surfaces.  Accomplishing 
this  evaluation  by  wind  tunnel  testing  is  often  very  expensive  or  it 
may  be  impractical  due  to  deleterious  compromises  required  by  scaling 
and  tunnel  capabilities.  One  approach  to  this  problem  which  has  proved 
to  be  successful  has  been  to  utilize  vibration  modes  from  a  transiently 
heated  structural  model  in  a  conventional  supersonic  flutter  analysis. 
This  paper  presents  some  of  the  test  techniques  used  for  this  approach 
and  results  obtained  during  a  recent  transiently  heated  vibration  test 
of  the  very  low  aspect  ratio  solid  plate  wing  of  an  experimental 
missile.  This  work  was  sponsored  by  the  Army. 

STRUCTURAL  MODEL 


The  structural  model  that  was  tested  consisted  of  a  full  scale  thin 
extruded  aluminum  wing  attached  to  a  thin  walled  steel  rocket  motor  case. 
Both  ends  of  the  motor  case  were  closed  by  solid  bulkheads.  The  wing, 
Figure  1,  had  a  trapezoidal  planform,  a  single  panel  aspect  ratio  of 
approximately  0.2,  and  a  linear  spanwise  variation  of  thickness.  The 
thickness  at  the  tip  was  one-half  of  the  root  thickness. 


The  first  seven  room  temperature  vibration  modes  of  the  free-free 
wing-shell  combination  had  the  following  frequencies: 

Mode  No.  Frequencies  (cps) 


1 

2 

3 

4 

5 

6 
7 


282 

324 

388 

490 

567 

656 

784 


651 


r 


* 


1 

.v 

rS 


'  f 


y 

7 


1 


Figures  2  and  3  show  plots  of  the  mode  deflections  along  a  chord  at 
70%  of  the  span.  The  lowest  mode  is  associated  with  a  shell  resonance 
where  the  cross  section  of  the  shell  deforms  in  an  elliptical  shape  and  the 
wing  undergoes  a  flapping  motion.  The  second  mode  has  a  combined  pitching- 
spanwise  bending  motion.  Other  than  the  first  two,  the  modes  can  be  classe 
as  chordwise  bending  modes  of  the  wing. 

TEMPERATURE  TEST  CONDITIONS 

The  general  type  of  temperature  distribution  that  was  considered  is 
illustrated  in  Figure  4.  The  wing  tip  has  a  much  higher  temperature  than 
the  root,  while  the  leading  edge  temperature  is  only  slightly  higher  than 
that  of  the  trailing  edge.  This  type  of  distribution  is  in  direct  contrast 
to  much  of  the  test  work  that  previously  has  been  done  and  is  now  available 
in  reports.  In  most  cases,  such  as  in  References  (1),  (2)  and  (3),  the 
temperature  varied  along  the  chord  and  remained  almost  constant  along  the 
span.  This  latter  distribution  is  characteristic  of  surfaces  whose  thick¬ 
nesses  vary  in  the  chordwise,  rather  than  the  spanwise,  direction. 

Three  temperature  histories  were  used  in  the  tests.  They  were  typical 
of  temperature  conditions  that  can  be  achieved  on  the  lifting  surfaces  of 
small  interceptor  missiles.  The  history  with  the  highest  temperature, 

650°F  at  the  tip  of  the  wing,  re  stilts  in  maximum  temperature  gradients  of 
approximately  100°F/inch  and  300°F/second,  Figures  5  and  6  show  the  three 
histories  for  two  wing  locations,  one  near  the  tip  of  the  wing  and  one  near 
the  root.  These  two  locations  were  used  as  temperature  control  points 
during  the  tests. 


TEST  EQUIPMENT  AND  PROCEDURE 

The  heat  input  to  the  wing  and  rocket  motor  case  was  supplied  by  an 
oven  of  quartz  tube  lamps.  The  oven,  in  a  position  near  the  test  specimen, 
can  be  seen  in  Figures  7  and  8.  During  the  testing  the  oven  was  1.5  inches 
from  the  wing.  The  oven  contained  two  banks  of  lamps,  and  each  bank  was 
controlled  by  a  separate  channel  of  a  Research  Incorporated  Temperature 
Programmer,  The  progranmer  closely  matched  the  temperature  of  the  control 
points  with  the  desired  temperature  histories.  The  two  thermocouples  seen 
in  Figure  8  were  used  to  provide  the  temperature  feedback  for  the  programme 

The  vibration  excitation  was  supplied  bv  an  induction  shaker,  Figure  7 
which  provides  a  force  without  making  physical  contact  with  the  test  specie 
This  type  of  excitation  avoids  exciter  mass  loading  effects.  The  wing 
displacement  was  monitored  by  small  bending  beam  probes.  Some  of  the  probe 
were  instrumented  with  strain  gages  at  the  root,  others  applied  force  to  a 
case  loaded  accelerometer.  The  probes  can  be  3oen  extending  from  their 
cylindrical  heat  shields  in  Figures  7  and  8. 

Three  methods  were  used  in  obtaining  the  variation  of  mode  frequencies 
with  time.  The  first  can  be  described  as  a  constant  amplitude-constant 
phase  shift  feedback  system.  Figure  9.  This  system  is  based  on  the 
assumption  that  if  resonance  is  maintained,  the  phase  angle  between  the 
shaker  input  signal  and  the  wing  deflection  signal  will  remain  constant. 
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An  oscillator  was  used  initially  to  establish  vibration  at  resonance.  The 
signal  from  one  of  the  deflection  probes  was  connected  to  the  feedback 
circuit  and  the  circuit  was  adjusted  so  that  the  amplitude  and  phase  of  the 
system  output  signal  matched  that  of  the  oscillator.  This  signal  was  then 
substituted  for  the  oscillator.  For  each  individual  mode,  proper  settings 
of  gains  in  the  feedback  circuit  gave  a  nearly  constant  phase  shift  over  the 
frequency  range  of  interest.  The  feedback  system  also  gave  a  constant 
amplitude  output  for  a  wide  range  of  input  amplitudes. 

The  second  feedback  system,  Figure  10,  was  similar  to  a  system  outlined  in 
Reference  (4).  It  compared  the  phase  between  the  wing  displacement  signal  and 
the  shaker  current.  Any  deviation  of  this  phase  generated  an  error  signal 
which  was  fed  to  a  voltage  controlled  oscillator.  The  frequency  of  the  oscil¬ 
lator  then  changed  to  maintain  the  original  phasing  between  the  signals. 

The  third  method  can  be  described  as  a  "frequency  cut"  procedure.  The 
oscillator  that  drove  the  shaker  was  set  at  a  frequency  below  the  room 
temperature  resonance  of  interest.  The  wing  was  then  subjected  to  a  heat 
cycle.  When  the  wing  resonance  passed  through  the  oscillator  setting,  the 
amplitude  of  the  wing  vibration  peaked,  as  is  shown  in  Figure  11*  Time 
correlation  of  the  peaks  from  different  oscillator  frequency  settings  provided 
the  histories  of  the  modal  frequencies.  This  method  required  repeatability 
of  heat  inputs  as  well  as  no  permanent  damage  to  the  specimens. 

The  data  from  the  runs  were  recorded  on  an  oscillograph.  The  data 
recorded  for  all  three  methods  were: 

1.  A  timing  trace. 

2.  The  temperature  at  six  locations, 

3.  A  trace  proportional  to  frequency. 

4.  The  signals  from  five  deflection  probes. 

TEST  RESULTS 

The  vibration  data  for  the  lowest  temperature  history  were  obtained 
using  the  feedback  ays tern  of  Figure  9.  The  frequency  histories  of  the  first 
six  modes  are  presented  in  Figure  12.  To  within  the  accuraoy  of  the  recorded 
data,  the  mode  shapes  were  invariant  with  temperature. 

For  the  next  highest  temperature  history  (Condition  2,  Figures  5  and  6)  both 
of  the  previously  described  feedback  systems  were  tried  and  were  found  to  be  un¬ 
satisfactory.  For  the  modes  whose  frequencies  changed  rapidly,  both  systems 
followed  the  frequencies  for  only  a  short  time.  Both  of  the  systems  were  checked 
by  non-heated  tests  and  were  found  to  be  capable  of  handling  frequency  changes  of 
the  magnitude  of  interest.  It  is  believed  that  the  systems  were  incapable  of 
handling  the  rate  of  change  of  frequency  which  was  as  high  as  75  ops  per  second. 

When  the  feedback  systems  were  found  to  be  inadequate,  the  "frequency  cut" 
method  was  used  to  define  the  frequency  histories.  The  frequency  transients 
for  the  first  seven  vibration  modes  resulting  from  the  Condition  2  heat  rate 
are  shown  in  Figure  13.  Although  the  frequency  data  had  very  little  scatter, 
the  relative  amplitudes  measured  by  the  five  probes  varied  widely  and  are 
believed  to  be  of  no  value  in  defining  mode  shape  changes. 
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The  highest  temperature  history  was  found  to  cause  permanent  buckling 
of  the  wing.  Since  only  a  limited  number  of  test  specimens  were  available, 
frequency  histories  were  not  obtained  for  this  heating  rate. 

DISCUSSION  AND  CONCLUSIONS 

As  noted  previously,  the  three  temperature  histories  simulated  are 
typical  of  those  attained  by  small  interceptor  missiles.  The  frequency 
transients  in  Figures  12  and  13  show  that  even  the  lower  two  of  the  three 
heat  rate  conditions  have  large  effects  on  the  dynamic  characteristics  of 
the  wings  tested.  The  largest  changes  occurred  in  the  chordwise  bending 
modes  where  some  of  the  frequencies  dropped  more  than  30$.  This  effect  was 
to  be  expected  since  the  type  of  temperature  distribution  used  resulted  in 
chordwise  compression  in  the  wing.  Some  DC  changes  in  the  wing  displacement 
signals  were  encountered  for  both  heat  rate  conditions  2  and  3.  The  wings 
always  recovered  their  initial  shape  after  cooling  from  these  heat  inputs 
and  results  were  repeatable.  However,  as  indicated  previously,  with  the 
highest  heat  input,  permanent  buckling  occurred  and  frequency  histories 
were  not  obtained. 

Experience  with  wings  of  this  planform  has  shown  that  the  chordwise 
modes  play  an  important  role  in  the  wing's  flutter  characteristics.  To 
illustrate  the  possible  magnitude  of  the  effect  of  thermal  stresses  upon 
the  flutter  boundary  of  such  a  wing,  six  mode  piston  theory  flutter  analyses 
were  carried  out  using  the  frequencies  of  Figure  13  in  place  of  the  room 
temperature  values.  It  was  assumed  that  the  mode  shapes  did  not  vary  from 
their  room  temperature  values.  Figure  14  shows  the  ratio  of  predicted 
flutter  Mach  number  to  the  flutter  Mach  number  for  the  room  temperature 
wing.  Although  the  maximum  drop  in  frequency  was  only  3056,  the  flutter 
speed  dropped  60$.  This  large  reduction  points  out  the  importance  of 
accounting  for  aerodynamic  heating  effects  in  flutter  analyses  of  low 
aspect  ratio  wings.  Similar  effects  were  encountered  in  the  heated  flutter 
tests  of  thin  wings  reported  in  Reference  (5). 

This  same  test-analysis  approach  has  been  applied  using  temperature 
distributions  for  actual  missile  trajectories.  The  laboratory  frequency 
data  and  the  predicted  wing  stability  which  incorporates  this  data  have 
been  found  to  agree  very  closely  with  the  flight  results.  These  results 
indicate  that  rigorous  definition  of  modal  data  for  thin  lifting  surfaces 
during  high  heat  rate  applications  would  appear  to  be  a  fruitful  area 
for  further  development. 
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Fi£ure  7.  Heated  Vibration  Test  Setup 
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ABSTRACT 


IMPLICATIONS  OF  PRACTICAL  RE-ENTRY  STRUCTURES 
FOR  DYNAMIC  MODEL  SIMULATION 

S.  A.  LaFavor,  C.  E.  Lemley,  and  P.  B.  Tucker 

System  Technology  Division,  McDonnell  Aircraft  Corporation 


The  unique  considerations  associated  with  the  application  of  aero- 
thermoelastic  scaling  lavs  in  the  design,  construction,  and  testing  of 
flutter  models  for  re-entry  glide  vehicles  are  discussed.  A  brief  review 
of  the  scaling  lavs  is  presented  in  order  to  re-emphasize  the  point  that 
they  cannot  be  completely  satisfied  for  other  than  the  case  of  full  scale 
testing  of  flight  type  hardware.  This  is  followed  by  a  discussion  of  four 
structural  concepts  that  have  been  devised  to  provide  acceptable  structures 
for  use  in  the  re-entry  environment.  These  concepts  are  reviewed  with  respect 
to  predicting  the  mechanism  of  potential  aerotherooelastic  problems,  and 
establishing  the  possibility  of  relaxing  some  of  the  restrictions  of  the 
aerothernzioelastic  scaling  lavs.  It  is  concluded  that  the  aerothermoelastic 
problem  can  generally  be  reduced  to  separate  tharmoelastic  and  aeroelastic 
problems  for  these  structural  concepts  and  that  the  testing  of  small  scale 
“artificially  reduced  stiffness”  aeroelastic  models,  in  conjunction  with 
"restricted  purpose"  heat  transfer  models,  will  yield  meaningful  and  useful 
flutter  data  for  re-entry  vehicle  structural  approaches  that  presently  appear 
feasible.  The  use  of  this  type  of  approach  in  performing  wind  tunnel  tests 
on  a  scaled  model  of  the  AikSST  re-entry  glide  vehicle  is  described. 

The  ASoET  program  is  sponsored  by  the  Aeronautical  Systems  Division  of 
the  Air  Force  Systems  Command  under  Contract  Number  AF33(6l6)-8l06,  Project 
and  Task  Number  lb66.  The  major  part  of  the  effort  described  in  this  paper 
was  accomplished  under  this  sponsorship. 
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IMPLICATIONS  OF  HECTICAL  RE-ENTRY  STRUCT1  IRES 
FOR  DYNAMIC  MODEL  SIMULATION 

S.  A.  LaFavor,  C.  E.  Lemley,  and  P.  B.  Tucker 

System  Technology  Division,  McDonnell  Aircraft  Corporation 


INTRODUCTION 

The  problems  associated  with  testing  dynamically  scaled  models  of 
vehicles  subjected  to  significant  aerodynamic  heating  have  been  pointed  out 
by  several  investigators ,  and  it  is  generally  concluded  that  complete  aero- 
thermoelastic  similarity  can  only  be  attained  for  the  case  where  the  model 
and  prototype  are  identical  in  every  respect,  including  size.  This  paper 
presents  a  discussion  of  some  of  the  present  structural  design,  concepts 
that  have  been  devised  to  provide  acceptable  structures  for  re-entry  glide 
vehicles.  These  design  concepts  are  reviewed  with  respect  to  predicting 
the  mechanism  of  potential  aerothermoelastic  problems,  and  establishing 
the  possibility  of  relaxing  some  ■‘■he  restrictions  of  the  aerothermo¬ 
elastic  scaling  laws.  It  is  cor  ed  that  the  aerothermoelastic  problem 
can  generally  be  reduced  to  separate  thermoelasti e  and  aeroe.lastic  problems 
for  these  structural  concepts  and  that  the  testin'  jf  small  scale  "artifi¬ 
cially  reduced  stiffness"  aeroelastic  models,  in  .ujnj’-.iction  with  "restricted 
purpose"  heat  transfer  models,  will  yield  meaningful  and  useful  flutter  data 
for  re-entry  vehicle  structural  approaches  that  presently  appear  feasible. 

The  use  of  this  type  of  approach  in  performing  wind  tunnel  tests  on  a 
scaled  model  of  the  ASSET  re-entry  glide  vehicle  is  described. 

The  general  laws  for  aerothermoelastic  similarity  have  been  developed 
by  Dugundji  (reference  l),  Calligeros  and  Dugundji  (references  2  and  3), 
and  Molyneux  (references  1  and  5)>  and  in  all  cases  it  is  oDserved  that 
complete  aerothermoelastic  similarity  is  not  possible  for  small  scale  models. 
Dugundji  (reference  1)  suggests  several  practical  means  for  circumventing  the 
restrictions  of  the  scaling  laws;  they  are 

(a)  using  cold  artifically  reduced  stiffness  models, 

(b)  adding  additional  external  forces  to  the  structure, 

(c)  relaxing  the  similarity  requirements  for  Reynolds  number  or 
other  similarity  conditions, 

(d)  using  different  materials  and  temperatures,  and 

(e)  altering  the  structural  geometry  to  conform  with  more 
specialized  governing  equations. 

The  approach  c  iosen  for  a  particular  model,  of  course,  is  dependent  on  the 
type  of  aerothermoelastic  problem,  or  problems  to  be  investigated  as  well 
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as  the  structural  configuration  and  flight  environment  of  the  full  scale 
vehicle. 


The  type  of  model  that  has  been  most  widely  used  by  the  aeroelastician 
in  the  past  is  one  designed  primarily  for  the  investigation  of  flutter 
problems.  This  paper  deals  with  the  problems  of  designing  such  models  for 
winged  re-entry  glide  vehicles.  It  is  assumed  that  flutter  problems  invol¬ 
ving  aerodynamic  surfaces  and/or  overall  vehicle  deformations  will  be  a 
consideration  for  these  vehicles  in  the  re-entry  flight  regime  due  to 
significant  thermally  induced  reductions  in  stiffness  and  operation  at 
relatively  high  angle  of  attach  even  though  the  free  stream  dynamic  pressures 
involved  will,  in  general,  be  relatively  low.  An  indication  of  the  relative 
importance  of  flutter  during  re-entry  as  compared  to  the  generally  critical 
boost  phase  of  flight  is  obtained  from  the  analysis  presented  in  the  following 
paragraphs  for  a  representative  re-entry  flight  profile. 


RE-ENTRY  VERSUS  BOOST  FLUTTER  STABILITY 


The  flight  corridor  presented  by  Garrick  (reference  6)  for  winged  re¬ 
entry  vehicles  is  shown  in  Figure  1  as  a  plot  of  dynamic  pressure  versus 
Mach  number.  Nominal  radiation  equiliorium  temperature  contours  from 
Reference  6  are  also  shown  in  the  figure.  It  is  observed  that  the  maximum 
dynamic  pressure  capability  of  these  vehicles  essentially  parallels  the 
2000 °F  equilibrium  temperature  contour.  Figure  2  is  a  plot  of  the  slope 
of  the  pressure  coefficient  curve  versus  Mach  number  for  a  70°  delta  wing 
at  zero  and  30°  angle  of  attack.  This  data  was  o1  ..uined  from  wind  tunnel 
tests  of  models  of  the  ASSET  vehicle  and  the  data  was  taken  on  the  center 
line  of  the  lower  surface  at  approximately  52  percent  of  the  chord.  Figure 
3  presents  a  plot  of  static  and  dynamic  modulus  of  elasticity  versus  temper¬ 
ature  for  the  refractory  metal  Columbium. 


Consider  a  lifting  vehicle  whose  primary  load  carrying  members  are 
constructed  of  Columbium  having  a  temperature -modulus  behavior  corresponding 
to  that  shown  in  Figure  3,  having  a  flight  profile  that  follows  the  maximum 
dynamic  pressure  (low  altitude)  side  of  the  flight  corridor  shown  in  Figure 
1,  and  whose  lifting  properties  are  similar  to  those  shown  in  Figure  2.  It 
is  possible  to  relate  the  boost  phase  and  re-entry  phase  flutter  stabilities 
of  such  a  vehicle  by  using  the  relationship: 


%r  =  f- 


a 


which  states  that  flutter  dynamic  pressure  is  directly  proportional  to  elastic 
stiffness  (E)  and  inversely  proportional  to  the  strength  of  the  unsteady  aero¬ 
dynamic  forcing  function  (i.e.,  the  slope  of  the  pressure  coefficient  curve, 
Cpa)  where  C  is  a  constant  term.  Consider  now  the  case  where  the  vehicle  is 
neutrally  stable  flutterwise  at  Mach  number  15,  this  Mach  number  corresponding 
to  the  approximate  maximum  point  for  the  combination  of  dynamic  pressure  (195 
lbs.  per  square  foot)  and  temperature  (2000  degree  Fahrenheit),  and  is  re¬ 
entering  at  3°  degrees  angle  of  attack.  Using  the  data  presented  in  Figures 
2  and  3>  the  constant  in  the  previous  flutter  equation  is  then  evaluated  as 
follows : 


C  =  9cr  cPq/E  =  0-^)(*°35)/5.7  x  106  =  1.2  x  10 


-b 
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Now  it  is  desirable  to  determine  the  dynamic  pressure  for  boost  that  corres¬ 
ponds  to  this  same  degree  of  flutter  stability  during  re-entry.  It  is 
assumed  for  this  case  that  the  most  severe  flutter  condition  occurs  when  the 
product  of  dynamic  pressure  and  slope  of  the  pressure  coefficient  curve  for 
zero  angle  of  attack  is  a  maximum  (i.e.,  near  the  transonic  region)  since 
angle  of  attack  and  structural  temperature  will  generally  be  near  zero  and 
room  temperature,  respectively  throughout  the  high  dynamic  pressure  portion 
of  the  boost  trajectory.  The  data  presented  in  Figure  2  shows  that  this 
critical  Mach  number  is  approximately  l.l(i.e.,  zero  angle  of  attack  Cp^  a 
maximum)  for  the  configuration  being  investigated,  and  again  using  the  data 
presented  in  Figures  2  and  3  and  the  above  calculated  value  of  C  for  re-entry: 


This  value  of  the  critical  boost  dynamic  pressure  is  plotted  in  Figure  1  for 
comparison  with  the  re-entry  dynamic  pressures.  Thus,  it  is  established  for 
the  configuration  treated  herein,  that  for  flight  boost  dynamic  pressures 
less  than  approximately  1000  pounds  per  square  foot,  the  re-entry  flight 
regime  would  be  flutter  critical,  whereas  for  boost  dynamic  pressures  greater 
than  approximately  1000  the  boost  flight  regime  would  be  flutter  critical. 

Maximum  boost  dynamic  pressures  of  less  than  1000  pounds  per  square 
foot  may  occur  for  large  liquid  fuel  boosters  of  the  type  that  might  be 
used  for  launching  manned  winged  vehicles.  Consequently,  it  appears  that 
the  re-entry  flight  regime  may,  in  some  cases,  be  the  flutter  critical 
region  for  winged  re-entry  vehicles.  However,  it  should  be  recognized 
that  the  always  troublesome  transonic  region  r~ust  also  be  traversed  after 
re-entry  and  this  flight  regime  may  be  flutter  critical  for  some  configura¬ 
tions.  This  could  be  especially  true  for  cases  where  the  internal 
structural  temperatures  are  still  relatively  high  after  re-entry. 

STRUCTURAL  DESIGN  CONCEPTS  FOR  RE-ENTRY  VEHICLES 

To  logically  assess  the  degree  of  dynamic  simulation  required  in  a 
flutter  model  of  an  advanced  re-entry  vehicle,  it  is  well  to  first  consider 
the  type  of  vehicles  and  structural  approaches  that  are  presently  available 
for  this  flight  regime.  The  following  sections  briefly  describe  the  various 
missions,  vehicle  configurations,  and  structural  approaches  of  interest  for 
this  flight  regime  and  indicate  what  are  considered  to  be  the  important 
aerothermoelastic  parameters  in  each  case. 

Vehicle  Concepts  -  In  general,  three  broad  concepts  exist  which  may 
be  used  in  the  design  of  re-entry  bodies.  They  are:  ballistic,  aero- 
ballistic,  and  aerodynamic  classes.  Figure  4  shows  the  approximate  flight 
corridors  for  these  three  types  of  vehicles  as  given  by  Garrick  (reference 
6)  as  a  plot  of  altitude  versus  velocity. 

(a)  Ballistic  -  The  ballistic  vehicle  is  characterized  by  a  relatively 
narrow  flight  corridor,  short  time  high  flux  heat  pulse  and  a  rather  blunt 
body  shape.  The  body  shape  is  primarily  dictated  by  heating  and  static 
aerodynamic  stability  considerations.  The  ballistic  flight  path  results  in 
nearly  symmetric  heating  which  minimizes  static  aerothermoelastic  deforma¬ 
tions  and  allows  a  relatively  simple  thermal -structural  design. 
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(b)  Aeroballistic  -  The  aeroballistic  vehicle  has  limited  re-entry 
maneuver  capability  and  is  characterized  by  a  wider  flight  corridor  than 
the  ballistic  vehicle.  It  has  a  longer  time  lower  peak  heat  pulse  and  a 
long  slender  body  shape  such  as  a  conical  body  of  revolution.  The  body 
shape  is  primarily  dictated  by  the  requirement  for  achieving  high  lift  to 
drag  ratios  to  use  body  lift  to  modify  a  ballistic  trajectory  to  gain 
longer  range.  The  aeroballistic  vehicle  may  have  aerodynamic  control 
surfaces  and  be  subjected  to  either  symmetric  or  unsymmetric  heating 
depending  upon  the  particular  design  concept  chosen.  Both  static  and 
dynamic  aerothermoelastic  problems  would  appear  to  be  considerations  in 
the  design  of  this  type  of  vehicle. 

(c)  Winged  Vehicles  -  The  winged  aerodynamic  vehicle  has  a  relatively 
wide  flight  corridor  and  is  characterized  by  probably  the  most  complex  time 
heat  pulse  history.  Heating  is  generally  the  most  uniform  of  the  three 
vehicle  classes  and  in  comparison  of  equal  weight,  equal  mission,  the  least 
extreme  environment.  The  body  shape  emphasizes  a  lifting  surface,  probably 
polyplanar,  with  surfaces  or  body  planes  shaped  for  static  aerodynamic 
stability  and  aerodynamic  surfaces  for  trim  and  control.  As  a  class  the 
aerodynamic  or  winged  vehicle  is  most  maneuverable  and  thus  offers  the 
greatest  versatility  in  flight  path,  heating  history,  and  structural  design 
concept.  Consequently,  it  also  offers  the  most  potential  for  encountering 
aerothermoelastic  problems. 

Even  from  the  brief  description  of  vehicle  classes  it  can  be  seen  that 
considerable  overlap  can  exist  between  the  classes,  the  choice  of  concept 
for  a  particular  application  being  based  on  overall  mission  objectives  as 
well  as  re-entry  performance. 

Structural  Approaches  -  The  structural  approaches  utilized  for  the 
above  described  vehicles  are  generally  different.  For  the  ballistic 
vehicle,  pressures  and  inertial  forces  probably  predominate  whereas  with 
the  aeroballistic  and  aerodynamic  approaches  body  bending  moments  and 
thermal  gradients  generally  predominate.  However,  the  primary  requirements 
are  to  (a)  establish  the  structural  approaches  that  will  survive  the 
environment  and  (b)  establish  the  most  applicable  structural  approach  to 
the  vehicle  mission  requirements.  The  structural  approaches  may  be 
generalized  into  four  distinct  types  although  in  actual  applications,  over¬ 
lap  of  types  almost  always  exist.  These  types  are  characterized  by  their 
action  in  controlling  and  surviving  temperatures  and  are  as  follows: 

(a)  Heat  Sink  Approach  -  Passive  or  active  concepts  may  be  employed 
where  a  sufficient  mass  of  material  of  high  specific  heat  is  provided  to 
absorb  the  heat  input  and  limit  structural  or  internal  component  tempera¬ 
tures  to  acceptable  values.  In  active  systems  the  system  may  become  quite 
complex  involving  circulation  systems,  heat  exchangers,  pumps,  valves,  etc. 

(b)  Heat  Block  Approach  -  The  heat  block  approach  includes  both 
ablative  approaches,  illustrated  in  Figure  and  those  involving  trans¬ 
piration  cooling.  In  this  type  the  vehicle  is  protected  from  high  tempera¬ 
tures  by  blockage  utilizing  the  heat  absorbing  capability  of  a  physical  or 
chemical  change  of  the  material  and  by  injection  of  "cool”  gases  into  the 
boundary  layer  thus  blocking  boundary  layer  heat  transmission  to  the  surface. 
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The  under  structure  is  thus  kept  relatively  cool  even  under  extreme  re-entry 
conditions . 

(c)  Heat  Shielded  and  Insulated  Approach  -  This  approach,  as  illustrated 
in  Figure  6,  depends  entirely  on  re-radiation  to  limit  heat  shield  tempera¬ 
tures  to  acceptable  material  and  structural  limits  and  employs  insulation 
compatible  with  mission  duration  to  limit  sub -structural  temperatures  to 
acceptable  values. 

(d)  Hot  Structural  Approach  -  This  approach,  as  illustrated  in  Figure  7, 
also  depends  entirely  on  re-radiation  to  limit  temperatures  but  in  this  case 
the  primary  structure  is  designed  using  high  temperature  materials  to  survive 
the  environments  while  maintaining  structural  integrity  for  mission  require¬ 
ments  . 

As  with  the  vehicle  configuration  concepts,  the  structural  concepts 
each  may  have  application  dependent  on  specific  mission  requirements. 

The  selection  of  a  structural  approach  is  almost  entirely  a  function  of 
weight  and  peak  temperature  capability  of  available  materials. 

Applications  of  Structural  Approaches  -  The  first  re-entry  systems  flown 
were  ballistic  vehicles  and  employed  heat  sink  and  heat  blockage  approaches 
to  limit  structural  temperatures.  The  Mercury  ablative  heat  shield  is  cited 
as  one  example  of  this  concept.  Here  the  peak  heat  pulse  is  of  short  duration 
and  the  ablative  approach  appears  particularly  efficient  for  this  mission. 

The  USAF  ASSET  vehicle  employs  a  number  of  structural  approaches  of  the  heat 
shielded  and  insulated  and  hot  structural  types.  Although  it  is  hazardous  to 
generalize,  a  current  view  of  application  of  thermo-structural  concepts  would 
be  as  follows: 

(a)  Short  time  (perhaps  5  minutes)  high  peak  heat  pulses  make  applica¬ 
tion  of  ablative  approaches  quite  attractive. 

(b)  Re-radiative  systems  appear  quite  efficient  where  longer  time  heat 
environments  are  involved  especially  when  peak  temperatures  can  be  limited 
to  below  3000 °F. 

(c)  Transpiration  coo.Ving  approaches  for  large  areas  of  a  vehicle  are 
currently  lacking  in  development  making  it  hazardous  to  seriously  commit  a 
weapon  system  program  to  a  design  dependent  on  this  concept. 

Considering  again  the  prime  area  of  concern,  i.e.  aerothermoelastic 
effects  on  re-entry  vehicles,  probable  re-entry  designs  can  be  envisioned 
as  one  of  three  typical  approaches  as  are  shown  in  Figures  6,  and  7> 

The  dynamic  problem  of  the  ablative  vehicle  (heat  block  concept)  resolves 
itself  to  one  not  unlike  the  more  familiar  aircraft  airframe  since  the 
ablative  approach  provides  cool  structural  temperatures  thereby  minimizing 
thermal  effects  and  in  many  cases  the  amount  of  ablative  material  employed 
will  essentially  eliminate  any  local  dynamic  response  due  to  its  thickness 
and  material  behavior.  However,  with  the  heat  shielded  or  hot  structural 
approaches,  the  effects  on  vehicle  dynamic  behavior,  both  local  and  overall, 
of  thermal  aerodynamic  environment  may  be  significant.  It  is  in  this  area 
that  consideration  should  be  given  to  the  heating  effects  on  dynamic  model 
simulation. 
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Thermal  Effects  on  Stiffness  -  Ignoring  chemical  changes  of  structured, 
oaterieils  which  might  affect  either  stiffness  or  structural  capability,  there 
are  three  ways  in  which  temperature  may  influence  stiffness. 

The  first  and  most  obvious  effect  is  a  change  in  modulus  of  elasticity 
with  temperature.  Figure  3  illustrates  such  a  change.  Although  there  is  ques¬ 
tion  at  present  as  to  the  relationship  of  static  and  dynamic  modulus, 
especially  with  coated  refractory  materials,  this  is  a  function  of  the  material 
itself  and  can  be  evaluated  separate  from  a  configuration. 

The  second  effect  is  that  of  experiencing  thermally  induced  deformations 
which  change  the  stiffness  of  a  structural  component.  Figure  8  illustrates 
this  effect  for  a  single  face  corrugated  panel  where  the  direction  of  flow 
is  normal  to  the  axis  of  the  corrugations  and  the  panel  edges  parallel  to 
the  direction  of  flow  are  free.  This  corresponds  to  the  panel  configuration 
used  for  the  ASSET  flutter  panel  experiment  where  the  important  stiffness 
parameter  is  the  area  moment  of  inertia  of  the  skin  and  contribution  of  the 
corrugation  about  an  axis  normal  to  the  flow  direction.  The  stiffness  inertia 
term  is  essentially  the  simple  relation 


where  t  is  the  effective  thickness  of  the  face  skin  and  corrugation.  However, 
when  a  thermal  gradient  is  present  through  the  thickness  of  the  panel,  the 
panel  deforms  along  the  corrugation  axis  increasing  the  significant  panel 
inertia  by  a  displacement  term  Ad2.  As  can  be  seen  from  Figure  8  the  stiff¬ 
ness  increases  quite  dramatically  with  relatively  modest  gradients.  For 
dynamic  analyses,  the  effect  of  such  geometric  changes  on  stiffness  must  be 
taken  into  account  if  the  analyses  are  to  be  valid. 

The  third  thermal  effect  is  the  effect  on  stiffness  of  thermally  induced 
stresses  which  produce  a  change  in  the  basic  load  paths  of  the  structure 
either  by  non-linear  effects  of  thermal  stresses  and  load  stresses  (for  instance 
a  beam  column)  or  by  a  destabilizing  effect  such  as  buckling  or  crippling  of 
a  structural  component.  While  such  effects  may  have  a  significant  influence 
on  stiffness,  they  also  influence  structural  integrity  and  good  design  practice 
would  minimize  or  preclude  such  occurrences.  It  would  be  difficult  here  to 
outline  a  structural  design  criterion  for  present  and  future  re-entry  vehicles 
that  would  mitigate  thermal  stresses  significant  to  both  dynamic  and  struc¬ 
tural  considerations.  For  the  case  of  the  maneuverable -winged  re-entry  glide 
vehicle  the  relatively  wide  flight  corridor  capability  and  the  resultant 
multi -thermal  histories  that  can  be  experienced  can  produce  countless  combina¬ 
tions  of  thermal  stress  patterns  which  would  complicate  the  stiffness 
evaluation  of  the  vehicle.  If  a  generalization  of  a  design  criterion  could 
be  made  it  would  be  that  the  structural  design  should  incorporate  provisions 
to  limit  thermal  stresses  such  that  their  effect  on  load  distribution  in  the 
vehicle  structure  is  negligible.  The  implementation  of  this  approach,  in 
terms  of  detail  structural  design,  requires  the  use  of  unique  and/or  ingenious 
design  approaches,  as  mentioned  by  Garrick  (reference  6),  that  eliminate 
redundancies  and  isolate  load  paths  to  minimize  or  eliminate  thermally  induced 
stresses  in  the  primary  load  carrying  members.  It  may  also  be  necessary  to 
alter  the  flight  path  or  vehicle  attitude  to  accomplish  the  design  goal.  It 
is  recognized  that  implementing  this  design  philosophy  is  neither  obvious  nor 


simple  but  probably  essential  to  maintain  structured  integrity.  Adequate 
elevated  temperature  ground  tests  of  a  flight  vehicle  would  be  required  to 
establish  that  these  design  approaches  met  the  desired  objective  of  mini¬ 
mizing  thermal  stresses. 

Such  an  approach  would  allow  the  establishment  of  a  rational  design 
criterion  based  on  air  load,  inertia  load,  temperatures,  and  material  tempera¬ 
ture  limitations.  It  should  then  be  possible  to  maneuver  a  vehicle  so  designed 
within  a  relatively  wide  flight  corrisor  while  monitoring  only  key  structural 
temperatures  and  inertial  loads. 

The  result,  then,  is  that  for  the  hot  structural  approach,  strength 
design  considerations  alone  will  dictate  an  approach  which  will  inherently 
minimize  the  build  up  of  thermally  induced  stresses  thus  reducing  the  possi¬ 
bility  of  strong  coupling  of  such  thermal  effects  on  structural  stiffness. 

This  has  the  effect  of  limiting  the  thermal  influence  on  stiffness  to  the 
two  previously  mentioned: 

(a)  modulus  reductions  due  to  temperature,  and 

(b)  changes  in  structural  geometry,  or  configuration,  due  to  thermal 
gradients. 


DYNAMIC  SIMULATION  FOR  RE-ENTRY  VEHICLES 

The  minimization  of  thermal  stresses  in  practical  re-entry  structures, 
and  the  attendent  reduction  of  their  influence  on  stiffness,  simplifies  the 
problem  of  achieving  dynamic  similarity  in  scaled  models  of  vehicles  of 
this  type.  Such  a  model  then  need  only  simulate  modulus  reductions  and 
changes  in  structural  geometry  encountered  in  the  prototype  vehicle  due  to 
the  flight  thermal  environment.  In  essence,  the  aerothermoelastic  problem 
is  then  reduced  to  two  separate  problems;  a  thermoelastic  problem  and  an 
aeroelastic  problem.  It  becomes  possible  to  design  special  purpose  models 
to  investigate  the  aeroelastic  and  thermoelastic  problems  separately.  A 
"reduced  stiffness"  dynamic  model  of  a  vehicle  that  utilizes  one  of  these 
structural  approaches  can  be  designed  to  obtain  useful  and  meaningful  flutter 
data  for  the  re-entry  flight  regime.  This  model  would  be  designed  according 
to  the  flutter  model  scaling  laws  used  in  the  past  where  thermal  effects 
were  neglected  and  the  three  parameters  Mach  number,  mass  ratio,  and  reduced 
frequency  are  equated  for  model  and  prototype  vehicle. 

The  degree  of  stiffness  reduction  required  in  such  a  model  would  be 
bused  on  two  considerations.  They  are: 

(a)  the  stiffness  reduction  in  the  prototype  vehicle  due  to  thermal 
effects  in  flight,  and 

(b)  additional  changes  in  stiffness  in  the  model  due  to  the  wind  tunnel 
thermal  environment. 

Item  (a)  ubov  could  best  be  established  through  testing  "special  purpose" 
heat  transfer  models  designed  to  measure  either  the  basic  heat  flux  input 
to  the  structure,  or  the  local  structural  temperatures  within  the  vehicle. 

The  former  case  would  require  an  analytical  bridge  to  predict  internal 
structural  temperatures  whereas  the  latter  case  would  require  a  rather 
sophisticated,  and  expensive  model.  In  either  case,  it  would  then  be  necessary 
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to  either  analytically,  or  through  additional  teats,  define  the  resultant 
stiffness  of  the  vehicle  due  to  these  internal  temperatures.  The  effects 
of  both  modulus  reductions  and  changes  in  structural  geometry  must  be 
accounted  for  in  establishing  this  stiffness. 

The  wind  tunnel  thermal  environment  will,  in  general,  also  influence 
the  design  of  the  reduced  stiffness  model.  Wind  tunnels  suitable  for  flutter 
testing  at  the  higher  re-entry  Mach  numbers  (i.e.  Mach  numbers  greater  than 
approximately  ten)  are  not  generally  available  at  present.  However,  it  is 
possible  to  test  the  reduced  stiffness  model  at  Mach  numbers  less  than  the 
critical  flight  values  if  it  is  assumed  that  the  aerodynamic  forces  acting 
on  the  vehicle  and  model  are  essentially  independent  of  Mach  number  in  the 
high  Mach  number  range  (i.e.  for  Mach  numbers  greater  than  three  or  four). 

This  appears  to  be  a  generally  accepted  assumption  at  present,  and  allows 
for  the  testing  of  this  type  of  model  in  existing  facilities. 

Figure  9  presents  a  plot  of  stagnation  temperature  versus  Mach  number 
for  several  high  Mach  number  wind  tunnels  suitable  for  flutter  testing.  The 
plot  indicates  that  wind  tunnel  stagnation  temperatures  for  the  Mach  number 
range  of  three  to  twelve  vary  from  approximately  200  to  2300  degrees  Fahren¬ 
heit.  Model  temperatures  would  be  expected  to  be  on  this  same  order  at 
stagnation  points  with  decreasing  temperatures  on  the  other  surfaces  depen¬ 
dent  on  the  model  geometry,  angle  of  attack,  construction,  and  radiation 
effects.  It  can  be  seen  that,  in  general,  these  temperatures  can  have  a 
significant  effect  on  model  stiffness  characteristics. 

The  fact  that  the  wind  tunnel  thermal  environment  will,  in  most  cases, 
affect  the  stiffness  characteristics  of  the  reduced  stiffness  model  has  two 
implications  with  respect  to  its  design: 

(a)  it  must  be  designed  to  be  thermally  resistant  in  a  manner  similar 
to  the  flight  vehicle  (i.e.  it  also  should  be  structurally  designed  to 
minimize  thermally  induced  stresses),  and 

(b)  the  influence  of  the  tunnel  environment  on  model  stiffness 

must  be  accounted  for  in  establishing  the  net  difference  between  prototype 
and  model  stiffness. 

It  is  necessary  to  design  the  model  in  a  similar  manner  to  the  flight  vehicle 
in  the  sense  that  it  also  should  not  be  subject  to  significant  thermal 
stresses.  This  requirement  stems  from  the  following  considerations: 

(a)  the  stiffness  characteristics  of  the  model  should  be  well  behaved 
and  predictable  in  the  wind  tunnel  thermal  environment  to  allow  for  an 
accurate  accounting  of  the  net  differences  between  prototype  and  model  stiffness, 
and 

(b)  thermal  stresses  must  be  minimized  in  the  model  to  preclude  the 
possibility  of  introducing  aerotherraoelastic  problems  in  the  model  that  are 
not  representative  of  the  flight  vehicle. 

The  model  need  not  be  designed  using  the  exact  structural  concept  used  for  the 
flight  vehicle  (i.e.  it  need  not  be  an  exact  scale  replica  of  the  prototype 
structure),  but  it  must  be  designed  for  the  same  criteria  of  eliminating 
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significant  thermal  stresses  in  the  primary  load  carrying  members.  The 
effects  of  the  tunnel  environment  on  model  stiffness  can  then  be  accounted 
for  by  either  analytically  estimating  these  effects  prior  to  the  tunnel  test 
and  adjusting  the  model  stiffness  to  account  for  the  net  difference  between 
the  flight  and  wind  tunnel  stiffness  reductions,  or  by  designing  the  model 
to  account  for  only  the  flight  stiffness  reductions  and  correct  the  data 
obtained  for  the  wind  tunnel  effects  subsequent  to  testing.  For  either 
case  it  would  be  highly  desirable  to  perform  an  elevated  temperature  ground 
vibration  teat  of  the  model  to  verify  predicted  effects  of  temperature  on 
model  stiffness. 


ASSET  FLUTTER  MODEL  TEST  PROGRAM 

An  early  configuration  of  the  ASSET  glide  vehicle  was  designed  to 
obtain  basic  data  relating  aeroelastic  and  thermal  effects  in  the  re-entry 
glide  environment.  A  wind  tunnel  model  that  simulated  the  important 
dynamic  characteristics  of  the  flight  configuration  was  designed,  fabricated 
and  tested  to  obtain  design  data  for  the  flight  vehicle  and  to  obtain 
data  for  correlation  with  corresponding  flight  test  results. 

The  ASSET  configuration  is  shown  in  Figure  10.  The  lifting  surface 
consists  of  the  flat  under  portions  of  the  vehicle,  the  forward  and  aft 
parts  being  separated  by  a  10*  mold  line  break.  To  acquire  an  aeroelastic 
system  capable  of  fluttering  in  the  high  temperature,  low  dynamic  pressure 
environment  posed  basic  problems  relating  static  load  carrying  capability, 
low  vibration  frequencies,  and  the  use  of  major  aerodynamic  surfaces  to 
obtain  sufficiently  large  unsteady  aerodynamic  forces.  It  was  not  feasible 
to  consider  elastic  deformation  of  the  main  fuselage  because  of  the  short 
stubby  nature  of  the  vehicle.  Therefore,  it  was  necessary  to  design 
elastic  members  attached  to  the  main  fuselage  in  such  a  manner  as  to 
allow  flexural  motion  independent  of  the  fuselage.  The  configuration 
which  was  chosen  to  be  tested  in  the  re-entry  environment  was  obtained  by 
sectioning  the  vehicle  as  shown  in  Figure  11.  The  three  basic  ports  thus 
obtained  were  designated  as  the  upper  body,  the  wing,  and  the  control 
surface  assembly.  The  wing  was  attached  to  the  upper  body  by  pins  and 
links  which  allowed  a  beam-like  flexural  motion  of  the  wing.  The  flap 
assembly  was  attached  to  the  wing  by  bearings  and  was  restrained  in  rotation 
by  a  root  torsion  spring  (not  shown  on  Figure).  The  vibration  modes  that 
were  to  couple  to  produce  flutter  were  first  symmetric  wing  bending  and 
control  surface  rotation.  The  wing  and  control  surface  deflections  in 
these  modes  are  symmetric  about  a  vertical  plane  passing  through  the  center- 
line  of  the  vehicle. 

The  structural  approach  used  in  the  design  cf  the  prototype  wing  was 
dictated  by  the  requirements  that  (l)  the  wing  be  sufficiently  strong  to 
carry  static  aerodynamic  loads  at  elevated  flight  temperatures  und  {'£)  that 
it  be  soft  enough  to  allow  flutter  at  some  point  olcr.c.  the  re-entry 
trajectory.  Based  on  these  requi reoeutr ,  a  thermal  design  philosophy 
was  used  which  involved  a  combination  of  (a';  the  Hens  oink,  (b)  the  Heat 
Shield  and  Insulation  and  (c)  the  Hot  Stricture  approaches.  The  Heat 
Sink  Approach  was  used  for  the  nose  cap  (stagnation  point)  design,  and 
the  Heat  Shield  and  Insulation  Approach  was  used  to  isolate  the  upper 
body  from  the  high  temperatures  attained  by  the  wing.  The  Hot  Structure 
approach  was  used  for  the  design  of  the  wing  spar  in  which  the  elevated 
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temperature  was  used  to  lover  the  wing  bending  stiffness  (through  modulus 
reduction)  and  thus  allow  the  ving-control  surface  system  to  flutter. 

The  scope  of  the  wind  tunnel  test  program  was  in  large  part  dictated 
by  the  Mach  number  range  (12  down  to  2)  encompassed  in  the  re-entry 
trajectory.  Tunnels  A  (M  =  2-6),  B  (M  =  8)  and  C  (M  =  10)  of  the  AEDC 
v ya  Karman  facility  were  selected  for  the  tests.  A  prototype-to-model 
geometric  scale  factor  of  0.25  provided  a  model  size  suitable  for  testing 
in  all  three  tunnels. 

The  model  design  philosophy  was  based  on  the  assumption  (as  dis¬ 
cussed  earlier  in  this  paper)  that  no  coupling  would  exist  in  the  prototype 
configuration  between  aeroelastic  and  thermoelastic  effects.  On  this 
basis,  the  model  design  scale  factors  were  specified  by  the  following 
relationships: 

La  =  0.25  Lp  (Length) 

Mm  =  Mp  (Compressibility) 

Uta  -  Pp  (Mass) 

km  =  kp  (Time) 

where  L  denotes  length,  M  is  Mach  number,  p  is  the  ratio  of  vehicle 
density  to  air  density,  k  is  the  reduced  frequency,  and  the  subscripts 
m  and  p  denote  model  and  prototype  respectively.  These  relationships, 
together  with  values  for  pm/pp  and  Vm/Vp,  allow  the  physical  charac¬ 
teristics  of  the  model  to  be  completely  defined.  The  latter  ratios 
(stream  density  and  stream  velocity)  were  determined  by  flight  trajectory 
and  vind  tunnel  stream  characteristics  at  the  scaling  design  points. 

Design  points  at  Mach  h  and  Mach  9  were  chosen  which  defined  two  distinct 
model  configurations.  An  interesting  feature  of  model  scaling  for  the 
ASSET  re-entry  trajectory  was  that  for  the  tunnels  chosen,  the  stream 
density  ratio  Pm/pp  (and  hence  the  ratio  of  model  mass  density  to 
prototype  mass  density)  was  greater  than  1.  A  scaling  value  of  pm/pp  =  6 
was  used  for  both  ASSET  design  points.  Because  the  compact  ASSET  proto¬ 
type  vehicle  itself  has  a  high  mass  density,  model  wing  design  required 
the  use  of  heavy  metal  (Mallory  1000)  ballast  in  conjunction  with  basic 
stainless  steel  construction.  Figure  12  is  a  photograph  showing  detail 
of  the  model  construction.  Wing  stiffness  was  determined  by  the  wing 
spar  design,  i.e.,  EI  about  span  lines.  Wing  inertia  characteristics 
were  determined  by  the  mass  segments.  These  mass  segments  followed 
closely  a  lumped  tr  .  ss  idealization. 

In  the  fol) owing  discussion,  reference  is  made  only  to  the  static 
thermoelastic  properties  of  the  wing,  but  the  conclusions  appj  ~  to  any 
elastic  member  which  would  influence  aerodynamic  stability  bou.aaries. 

The  thertaa-  effects  which  had  to  be  considered  in  model  wing  design  were 
due  to  (l)  the  effect  of  aerodynamic  heating  in  reducing  the  bending 
stiffness  of  the  prototype  wing,  and  (2)  the  heating  effectG  of  high 
wind  tunnel  stagnation  temperature  in  reducing  the  bending  stiffness  of 
the  model  wing.  The  data  required  to  finalize  the  modex  wing  design  were: 
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(a)  the  value  of  prototype  (thermally  reduced)  wing-bending  stiffness 
for  which  the  vehicle  would  flutter  at  trajectory  dynamic  pressure  and  angle 
of  attack, 

(b)  the  scale  factors,  and 

(c)  predictions  of  the  model  wing  spar  temperature  at  wind  tunnel 
test  conditions. 

With  these  data  stiffhess  scaling  from  prototype  to  model  wing  were 
based  on  thermally  reduced  values.  The  room  temperature  value  of  wing 
bending  stiffness  was  then  determined  from  a  curve  of  Young’s  modulus 
versus  temperature  for  tl.  spar  material.  Values  of  bending  stiffness 
at  room  and  elevated  temperatures  for  prototype  and  model  wings  are 


presented  \u  the  following  table: 

Prototype 

Model 

Test  Temperature 

l600*F 

550  *F 

Spar  Material 

Inconel  X 

321  Stainless  Steel 

El  (Teat  Temperature) 

2.38  x  106  lb-in2 

7390  lb-in2 

El  (Room  Temperature) 

4.17  x  106  lb-in2 

8200  lb-in2 

Figure  13  shows  the  measured  temperature  distribution  along  the  model 

wind  spar  for  a  soak  condition  in  tunnel  C.  It  is  noted  that  the  temper¬ 
atures  are  considerably  higher  than  the  550*  shown  in  the  previous  table. 
This  value  was  taken  as  an  approximate  average  of  the  spar  temperatures 
anticipated  for  all  the  tunnels. 

The  high  wind  tunnel  stagnation  temperatures  also  necessitated  other 
special  design  features  of  the  model.  These  features,  which  allowed  sus¬ 
tained  operation  at  model  temperatures  up  to  120Q°F,  are  summarised  as 
follows : 

(a)  Special  sliding  attachments  between  skin  cover  and  upper  body 
to  allow  differential  thermal  growth, 

(b)  High  temperature  structural  parts,  including  bolts,  made  of  the 
same  material  so  as  to  have  the  same  thermal  coefficient  of  expansion, 

(c)  Entire  model  covered  with  high  emissivity  coating  so  as  to  radiate 
to  the  cooled  tunnel  walls, 

(d)  Separation  between  stand-off  wing  mass  segments  sized  to  allow 
flexural  motion  and  thermal  growth, 

(e)  A  portion  of  the  dynamic  instrumentation  (strain  gages)  specially 
chosen  for  high  temperature  operation,  and 

(f)  Water  cooling  Jackets  provided  for  electromechanical  components. 
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Prior  to  the  wind  tunnel  tests,  extensive  ground  tests  at  room  and 
elevated  temperatures  were  performed  on  the  model.  These  tests  were  used 
to  determine  the  model  dynamics  over  a  wide  temperature  range  and  to  verify 
the  operational  integrity  at  elevated  temperature.  The  wind  tunnel  tests 
were  performed  between  2  February  1962  and  20  March  1962.  Wing  bending- 
control  surface  rotation  flutter  data  were  obtained  in  the  Mach  number  range 
4  to  10  for  model  angles  of  attack  between  6°  and  31°.  A  detailed  report 
presenting  the  results  of  the  test  program  will  be  released  as  an  ASD 
Technical  Documentary  Report  in  1963. 

CONCLUSIONS 

Presented  herein  is  a  discussion  of  the  implications  of  practical 
structural  design  concepts  on  the  problems  of  achieving  dynamic  similarity 
in  scaled  models  of  winged  flight  vehicles  that  experience  significant 
aerodynamic  heating.  It  is  concluded  that  the  primary  thermal  effects  on 
stiffness  to  be  accounted  for  are  (a)  modulus  of  elasticity  changes  due  to 
temperature,  and  (b)  changes  in  structural  configuration  due  to  thermal 
gradients,  and  that  the  effects  of  thermally  induced  stresses  on  stiffness 
will  generally  not  be  a  significant  consideration.  This  conclusion  is 
based  on  the  assumption  that  the  evolution  of  a  rational  structural  design 
criterion  for  aerodynamically  heated  vehicles  that  have  the  capability  of 
operating  within  a  relatively  wide  flight  corridor  will  preclude  the  allowance 
of  significant  thermally  induced  stresses  in  primary  load  carrying  structural 
members.  Their  minimization  will  be  accomplished  through  the  use  of  unique 
and/or  ingenious  design  approaches  that  eliminate  redundancies  and  isolate 
structural  load  paths. 

The  elimination  of  thermal  stresses  from  consideration  in  the  aero- 
thermoelastic  scaling  problem  reduces  this  problem  to  the  two  simpler 
thermoelastic  and  aeroelastic  scaling  problems.  This  in  turn  allows  one 
to  design  special  purpose  models  to  evaluate  the  thermoelastic  and  aero- 
elastic  problems  separately.  A  small  scale  “reduced  stiffness"  aeroelastic 
model  can  then  be  tested  to  obtain  flutter  data  where  its  stiffness 
characteristics  ore  established  on  the  basis  of 

(a)  The  predicted  inflight  stiffness  of  the  prototype  vehicle,  ana 

(b)  The  predicted  effects  of  the  wind  tunnel  thermal  environment  on 
model  stiffness. 

Various  combinations  of  analytical -testing  steps  can  then  be  u?^.!  to 
define  the  thermal  environment  experienced  by  the  prototype  structural 
members  and  the  resultant  effect  on  the  vehicle  stiffness  characteristics. 

This  approach  allows  the  aerotheraoclastic  problem  to  be  broken  up  into 
several  simpler  problems  that  can  be  logically  separated  and  assigned  to  the 
separate  thermal,  structural,  and  dynamic  technical  areas  where  the  various 
analytical  and  model  test  teenniques  developed  in  the  past  in  these  areas 
con  be  applied.  A  flutter  model  program  that  was  conducted  as  a  part  of 
the  AiiSET  glide  re-eutry  research  program)  is  described  as  an  example  of 
the  above  described  test  technique. 


In  summary  then,  it  appears  that  the  testing  of  small  dynamically 
scaled  models  of  winged  re-entry  vehicles  is  feasible  and  that  useful 
flutter  data  can  be  obtained  from  such  models,  however,  additional 
special  purpose  model  tests  as  well  as  analytical  studies  in  various 
combinations  are  also  required  to  obtain  a  full  knowledge  of  the  flutter 
characteristics  of  the  flight  vehicle. 
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FIGURE  1.  FLIGHT  CORRIDOR  FOR  WINGED  RE-ENTRY 


INITIAL  ANCLE  OF  ATTACK 


M  -  MACH  NUMBER 

FIGURE  2.  SLOPE  OF  THE  PRESSURE  COEFFICIENT  CURVE  VS 
MACH  NUMBER  TOR  A  70°  DELTA  WING 
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FIGURE  4.  RE-ENTRY  CORRIDORS  FOR 
THREE  TYPES  OF  VEHICLES 


FIGURE  5.  HEAT  BLOCK  STRUCTURAL  APPROACH 


FIGURE  6.  HEAT  SHIELDED  AND  INSULATED 
STRUCTURAL  APPROACH 
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FIGURE  8.  EFFECT  OF  THERMAL  GRADIENT  ON  PANEL  STIFFNESS 


FIGURE  10.  ASSET  CONFIGURATION 


DESIGN  AND  CONSTRUCTION  CONSIDERATIONS  OF  A 
TRANSONIC-SUPERSONIC  AEROELASTIC  FLUTTER  MODEL  OF  X-20A 


Verner  P.  Diehl 

Aero-Space  Division- The  Boeing  Company 


ABSTRACT 


The  application  of  existing  and  available  techniques  and  materials  to  the  design 
of  a  flutter  model  of  a  Dyna-Soar  (X-20A)  configuration  is  discussed.  Solutions  tu  the 
specific  problems  of  simulating  the  structure  scale  weight,  stiffness  and  aerodynamic 
characteristics  are  presented.  The  model  was  subsequently  tested  in  the  Transonic 
and  Supersonic  leers  of  the  Arnold  Engineering  Development  Center  16-foot  Propulsion 
Wind  Tunnel. 
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INTRODUCTION 

The  Space  age  is  being  introduced  by  a  process  of  engineering  develop¬ 
ment  and  pushing  forward  of  the  frontiers  of  the  state-of-the-art  by  time 
consuming  "blood,  sweat,  and  tears"  engineering  rather  than  by  spectacular 
technical  "break-throughs" .  This  has  been  a  characteristic  of  space  programs 
including  the  Dyne-Soar,  also  known  aa  the  X-20.  Dyna-Soar  is  a  typical  space 
vehicle  requi  lag  a  highly  efficient  structure  with  the  following  character¬ 
istics: 

1.  Light  enough  to  be  inserted  into  orbit  by  a  contemporary  booster, 

2.  fbroug  enough  to  withstand  boost,  abort,  re-entry,  maneuvering,  and 
landing  loads, 

3#  "Loose*  jointed"  to  minimize  stress  and  distortions  due  to  re-entry 

heating, 

4.  Free  of  flutter  of  complete  vehicle  or  of  components  during  high  "q" 

In  this  discusticn  we  will  concern  ourselves  with  one  of  the  flutter 
models  constructed  to  prove  the  fourth  requirement.  It  was  built  during 
the  Fall  of  I960  and  tested  at  t..e  Arnold  Research  Center  l6  Foot  Transonic 
and  Supersonic  Propulsion  Wind  Tunnels. 

When  the  model  design  was  initiated,  the  Dyna-Soar  structural  design 
coccepto  and  general  configurations  were  *»staolished  but  the  details  were 
only  in  preliminary  form*  Sinc„  the  proposed  structure  was  a  departure  from 
recent  aircraft  practice,  a  flutter  model  was  required  at  this  point  to  con¬ 
firm  methods  of  analysis.  It  also  checked  out  the  transonic  speed  range  where 
unsteady  flow  conditions  cloud  analytical  methods. 

CONFIGURATION 

A  picture  of'  the  Dyna-Soar  configuration  and  structure  will  be  briefly 
considered  first.  It  should  be  remembered  that  the  form  shown  in  Figure  I 
is  not  necessarily  up  to  date  but  rather  was  proposed  configuration  from 
which  the  model  was  scaled. 

The  structure  itself  resembles  a  World  War  I  fighter  more  than  a  modem 
day  airplane.  It  consists  of  an  integral  wing-body  truss  with  pinned- joint- 
connected  force  members.  It  is  n on-redundant .  The  skin  is  a  heat  resistant 
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aerodynamic  fairing  attached  to  the  truss  thru  links  and  flexures.  The  con¬ 
trol  surfaces  are  each  mounted  on  two  hinges  with  actuators  located  at  one 
hinge.  The  tricycle  landing  gear  would  not  be  required  in  this  model.  The 
glider  is  mounted  to  the  booster  by  the  aft  end  of  the  truss  and  generally 
tapers  in  strength  in  the  forward  direction.  The  instrumentation  environmen¬ 
tal  container  provides  torsional  stiffness  but  is  otherwise  non  structural. 

As  the  full  scale  design  progressed  changes  were  made  consistent  with 
the  latest  developments  in  materials,  manufacturing  techniques,  and  aero¬ 
dynamic  developments.  A  point  was  picked  in  time  where  the  configuration 
for  the  model  had  to  be  frozen.  Actually  changes  were  incorporated  to  the 
fins  and  elevons  after  this  date  which  were  major  updatings.  The  final 
result  was  a  model  of  close  enough  approximation  to  be  a  valid  aeroelastic 
analog  to  prove  the  methods  of  analysis. 

DESIGN  FACTORS 

The  design  of  a  flutter  model  must  s „art  with  a  set  of  requirements, 
some  of  which  may  have  to  be  compromised  as  the  design  progress  brings  to 
light  conflicts  in  the  requirements,  and  budgetary  or  flow  time  problems. 

The  requestor  must  determine  the  scope  of  the  information  he  needs  includ¬ 
ing  speed  and  altitude  envelope,  significant  parameters  to  be  simulated, 
the  variable  parameters  and  their  range  of  variation,  and  the  dollar  value 
of  the  data.  The  scaling  factors  are  set  by  available  wind  tunnel  size  and 
operating  characteristics  and  by  model  construction  limitations  including 
weight,  component  sizes  and  mounting  system. 

With  the  limited  number  of  large  transonic  wind  tunnels  available  the 
l6  foot  propulsion  tunnel  at  Arnold  Center  was  chosen  as  most  advantageous. 
The  large  test  section  allowed  a  quarter  scale  complete  model  with  a  tunnel 
blockage  of  one  per  cent.  While  one  half  of  one  per  cent  blockage  is  gen¬ 
erally  considered  desirable  for  force  or  pressure  testing,  the  greater  block¬ 
age  is  not  felt  to  seriously  compromiso  the  flutter  data.  The  available  dy¬ 
namic  pressure  at  high  transonic  Mach  numbers,  however,  imposes  an  upper 
limit  on  the  weight  and  stiffness  scale  factors. 

The  supersonic  leg  of  the  l6  foot  propulsion  tunnel  posed  the  problem 
of  temperature,  as,  in  fact,  does  any  supersonic  facility.  In  order  to  get 
proper  velocity  scale  (1:1)  which  appears  in  the  frequency  and  stiffness 
scale  factors,  each  Mach  number  requires  a  particular  temperature.  This 
requires  that  model  and  instrumentation  be  designed  of  materials  that  will 
be  stable  in  the  test  temperature  range.  The  initial  requirements  for  the 
model  specified  400°F,  capability  which  was  later  reduced  to  225°  as  the 
Mach  number  requirement  was  held  to  low  supersonic.  This  would  allow  opti¬ 
mum  temperature  for  starting  flow  in  the  supersonic  leg  for  the  Mach  2.25  to 
3.0  range.  At  this  temperature,  common  aluminum  alloys  are  practical  and 
suitable  bonding  materials,  laminating  resins,  and  even  balsa  wood  may  be 
used.  Table  1  shows  the  effects  of  temperature  on  pertinent  properties  of 
some  materials  for  this  application. 

It  might  be  noted  at  this  point  that  where  plastics  such  as  fiberglas 
laminates  are 1  to  be  used,  the  testing  may  have  to  be  carried  out  at  some 
particular  pre -calibrated  temperature.  The  variation  of  Young's  modulus 
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with  temperature  is  great  enough  on  many  resins  that  a  ten  or  fifteen  degree 
temperature  change  will  place  the  model  out  of  stiffness  tolerance.  This 
temperature  limitation  is  usually  not  serious  for  subsonic  or  low  transonic 
testing  where  variation  between  scaled  Mach  numbers  and  velocity  are  prob¬ 
ably  small.  The  transonic  tunnels  are  normally  run  at  a  temperature  high 
enough  to  avoid  fogging  or  in  a  temperature  range  that  requires  little  (or 
no)  effort  to  achieve,  and  over  heating  may  be  the  operators'  only  concern 
regarding  temperature.  We  have  found  that  a  fixed  temperature  requirement 
poses  some  burden  on  the  tunnel  operators  by  loading  them  with  an  additional 
fixed  parameter.  In  supersonic  testing  temperature  becomes  an  important  and 
necessary  requirement. 

The  remainder  of  the  scaling  factors  are  shown  on  Table  2.  The  only 
out-of-the-ordinary  factor  is  that  for  truss  member  area  whose  derivation 
is  the  same  as  that  for  the  bending  stiffness* 

DETAIL  DESIGN 

The  successful  flutter  model  is  the  result  of  a  delicate  optimizing  of 
a  large  number  of  factors.  The  model  itself  is  an  assembly  in  which  atten¬ 
tion  must  be  paid  to  each  minute  detail.  Each  member  in  the  structure  and 
each  part  in  assemblies  must  be  considered  from  the  standpoints: 

a)  Contribution  to  model  stiffness  must  satisfy  the  desired  degree 
of  duplication  of  full  scale  structure; 

b)  Contribution  to  model  weight  must  satisfy  the  scaled  mass  and 
inertia  requirements; 

c)  Contribution  to  model  damping  should  be  a  minimum,  in  general,  for 
conservative  data,  and  because  damping  is  much  easier  to  increase 
than  to  decrease  if  so  required; 

d)  Contributions  to  stiffness  and  damping  should  not  be  compromised 
by  the  effect  of  fatigue,  wear,  humidity,  temperature  or  other 
environmental  or  use  factors; 

e)  Strength  of  the  individual  members  must  be  enough  to  sustain  aero¬ 
dynamic  loads  on  model  components  at  the  high  transonic  dynamic 
pressures  and  under  supersonic  starting  loads; 

f)  Initial  cost  and  the  loss  of  available  testing  time  for  mainte¬ 
nance,  repair,  change  of  parameters  should  be  minimized  by  design; 

g)  Determination  of  spares  required  for  parts  whose  life  properties  of 
fatigue  or  wear  are  limited  to  avoid  deterioration  of  required  scal¬ 
ing  parameters; 

h)  Over-all  design  consistent  with  wind  tunnel  safety  requirements  or 
minimizing  of  damage  to  test  facility  in  the  event  of  model  struc¬ 
tural  failure  or  shedding  of  parts. 

The  various  materials  used  in  the  model  were  selected  with  the  fore¬ 
going  considerations  in  mind.  The  Dyna-Soar  structure  is  largely  made  of 
exotic  materials  to  meet  re-entry  temperature  requirements.  The  model  used 
normalized  4lJ0  alloy  steel  for  the  truss  structure.  This  has  little  change 
in  properties  through  the  test  range.  It  is  easily  welded  (Figures  4  &  5) 
with  close  to  ninety  per  cent  joint  efficiency.  Other  materials  and  the 
reasons  for  their  selection  will  be  covered  as  they  occur  in  the  structure 
discussion.  The  use  of  existing  materials  and  techniques  was  essential  to 
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meet  scheduling  requirements  and  to  avoid  developmental  costs* 

Another  critical  item  in  the  early  considerations  is  the  type  of  mount 
to  use  to  hold  the  model  in  the  wind  tunnel.  Each  system  has  its  own  advan¬ 
tages  and  drawbacks*  The  Dyna-Soar  configuration  does  not  lend  itself  well 
to  component  testing,  except  possibly  for  the  fin-rudder.  The  wing  and  body 
are  an  intimate  three-dimensional  truss.  The  influence  of  either  on  the 
other  would  be  extremely  difficult  to  determine  or  simulate.  This  eliminated 
half  models  and  wall  mounted  models.  The  use  of  sting  mount  for  flutter 
models  can  have  serious  drawbacks.  Rotary  freedoms  are  easy  to  achieve  but 
the  translation  freedoms  are  difficult.  In  this  case  preliminary  analysis 
indicated  a  location  forward  of  the  center  of  pressure  where  the  lower  vibra¬ 
tion  modes  had  common  node  line.  If  the  model  were  pivoted  at  this  point 
the  mode  shapes  should  be  little  affected  by  the  lack  of  translation.  This 
proved  to  be  the  case.  The  model  therefore  was  mounted  with  freedom  in  pitch 
and  spring  restrained  freedom  in  roll,  but  without  yaw  or  translation  free¬ 
doms.  The  pitch  point  had  a  range  of  location  to  accommodate  for  differences 
in  various  stiffness  models. 

Confirmation  that  the  model  could  be  flown  was  arrived  at  in  the  follow¬ 
ing  manner.  We  had  at  our  disposal  a  6"  x  12"  low  speed  wind  tunnel  (Figure 
2)  driven  by  a  vacuum  cleaner  motor.  In  this  we  placed  a  lightweight  balsa 
model  about  1/100  scale  of  the  Dyna-Soar  with  movable  control  surfaces  and 
variable  center  of  gravity.  It  was  mounted  on  a  simulation  of  the  proposeu 
support  system.  From  it  we  determined  that  the  model  would  fly  stably  (at 
least  subsonically)  with  scale  c.g.,  within  a  range  of  pivot  locations,  and 
that  more  than  scale  elevon  area  would  be  required.  With  normal  progress  in 
configurations  the  model  was  begun  with  oversize  elevons  but  by  the  test  time, 
they  were  replaced  by  latest  scale  elevons  which  were  even  larger. 

Restraint  in  pitch  was  provided  by  sting  clearance  in  the  model  and  by 
a  hydraulic  snubber  system.  This  consisted  of  a  standard  automotive  brake 
master  cylinder  operated  by  the  pilot  by  a  long  lever  arm  (Figure  8).  Steel 
plates  at  the  aft  end  of  the  body  were  gripped  or  released  by  lightplane 
hydraulic  brake  "pucks"  similar  to  their  use  in  light  aircraft.  This  was 
more  of  a  damper  than  a  lock  for  the  model  could  still  move  under  high  loads. 
Rubber  bumpers  on  the  sting  cut  down  the  impact  when  the  model  bottomed  out. 

In  consideration  of  wind  tunnel  safety  requirements,  this  sting  had  an 
extension  forward  into  the  nose  of  the  model.  In  the  remote  event  of  truss 
failure  this  sting  would  retain  the  forward  parts  of  the  model  preventing 
their  loss  downstream.  In  general  the  model  parts  were  designed  so  that 
their  loss  from  the  model  would  not  damage  the  wind  tunnel .  Parts  that  might 
be  shed  were  of  sheetmetal,  fiberglas,  or  similar  materials  where  possible. 
Any  masses  such  as  gearboxes  were  safety  wired  to  firm  structure.  Weights 
required  for  mass  balance  were  of  lead  wool  or  were  made  large  enough  to 
ascertain  falling  to  the  tunnel  floor  nearby  downstream. 

Aerodynamic  loading  on  the  various  model  components  was  of  major  con¬ 
cern.  The  model  was  to  fly  at  a  "1  g"  load  factor.  This  is  arrived  at  by 
summation  of  loadings  on  all  the  surfaces  when  the  model  is  at  trim.  At  the 
low  angle  of  attack  resulting  from  mass  being  scaled  by  a  cube  term  and  area 
by  a  square  term,  the  droop  of  the  nose  yielded  a  large  downward  force  for¬ 
ward  of  the  pitch  point.  This  combined  with  the  inertia  loads  of  the  large 


forward  mass  weights  to  cause  high  stresses  in  the  truss  when  the  model  bot¬ 
tomed  out  on  the  sting  in  pitch*  The  pitching  moment  caused  by  this  nose 
force  was  balanced  by  deflecting  the  elevons  for  trim*  The  elevons  were 
designed  for  this  load  and  the  elevon  rotational  springs  and  trim  drive  had 
to  take  the  resultant  hinge  moment*  The  major  flying  surfaces  support  the 
down  loads  of  the  nose  and  the  elevons  plus  the  weight  of  the  model.  It  was 
found  that  traversing  the  transonic  range  required  full  deflection  of  the 
elevons  in  both  directions  due  to  trim  change. 

The  cant  angle  of  the  fins  placed  them  under  high  aerodynamic  loading 
in  all  conditions.  Their  structure  w^s  inherently  heavy  to  take  this  load. 

A  period  of  pitching  instability  in  the  model  cow  led  with  this  aerodynamic 
and  inertia  loading  and  resulted  in  the  only  major  model  damage.  Both  fins 
were  lost  when  the  outboard  wing  truss  failed  inboard  of  the  fin  connection. 

Concern  over  this  fin  load  under  starting  conditions  in  the  supersonic 
wind  tunnel  led  us  to  design  a  sting  mount  for  a  fin  only  configuration. 

This  was  used  for  the  first  runs  in  the  supersonic  tunnel  to  get  a  feel  for 
tunnel  operation  characteristics,  starting  load  and  fin  supersonic  loading. 

While  seeding  of  structure  is  the  most  costly  approach  to  flutter  model 
construction,  the  respective  slopes  and  deflections  of  a  three-dimensional 
truss  can  only  be  so  simulated.  This  presents  problems  in  detail  design. 

The  problem  of  preventing  large  variations  in  damping  due  to  friction  and 
wear  and  consideration  of  construction  cost  made  the  elimination  of  pin 
joints  desirable  in  the  model.  Computer  analysis  indicated  that  rigid  joints 
would  not  affect  the  major  modes  as  long  as  the  individual  members  were  re¬ 
latively  flexible  in  bending.  Since  almost  all  the  members  are  2  force  mem¬ 
bers,  only  their  E  x  A  (that  is,  Young’s  Modulus  times  area)  and  not  their 
El  (that  is.  Young's  Modulus  times  Section  Modulus)  need  be  scaled.  The  full 
scale  members  are  thin-wall  tubes,  such  as  two  inches  outside  diameter  by 
.020  wall  thickness.  These,  we  were  able  to  simulate  by  solid  rods  or  stand¬ 
ard  size,  small  diameter,  thick  wall  tubes  of  property  scaled  EA  (Figures  5 
&  5).  This  resulted  in  the  proper  low  bending  stiffness  required  by  the 
model's  rigid  joints. 

Some  of  the  scaled  members  had  so  little  area  as  to  be  impossible  to 
make  tubes.  Their  length  then  made  them  slender  columns  with  length  to 
radius  of  gyration  ratio  as  high  as  (500).  A  way  to  stabilize  these  columns 
to  prevent  buckling  was  imperative.  The  solution  took  the  form  of  an  outer 
aheath  or  "overcoat"  consisting  of  a  thin-wall  aluminum  tube  of  relatively 
large  diameter  with  a  suitable  filler  material.  The  filler  used  was  an  epoxy 
resin  filled  with  phenolic  micro-balloons.  This  was  injection  molded  in 
place  with  silicone  parting  agent  on  the  member  so  that  the  overcoat  could 
not  bond  to  the  member  and  therefore  would  not  add  to  the  E.A.  of  the  member 
while  still  preventing  buckling.  The  filler  mixture  was  chosen  for  lightness 
(approximately  25  pounds  per  cubic  foot)  and  hardness  (or  resistance  to  crush¬ 
ing  or  distortion)  over  the  test  temperature  range.  Failures  such  as  occurred 
in  the  balsa  overcoated  low  speed  model  which  will  be  briefly  described  later 
never  occurred. 

The  skin  of  the  Dyna-Soar  is  a  heat  resistant  aerodynamic  fairing  mounted 
so  as  to  be  free  to  expand  and  does  not  contribute  to  structure  strength  or 
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stiffness.  It  is  made  up  of  a  large  number  of  fairly  heavy  panel  assemblies 
laid  on  in  armadillo  fashion  to  provide  aerodynamic  seal.  These  are  attached 
by  a  system  of  skin  beams,  pin  joints,  sliding  sleeves,  flexures  and  expan¬ 
sion  joints.  Preserving  these  properties  in  the  model  was  an  evident  require¬ 
ment  but  a  gross  simplification  compatible  with  model  test  environment  was 
necessary  to  make  fabrication  and  assembly  costs  reasonable.  Two  approaches 
were  used  in  various  portions  of  the  model.  Since  the  wing  skin  was  to  be 
beam  supported  it  was  practical  to  make  it  of  brake  formed  aluminum  strips 
which  were  flexure  tied  to  sleeves  sliding  on  the  su*  port  beams  (Figure  6). 
These  parts  were  joined  by  soft  soldering.  The  beams  in  general  were  pin 
jointed  on  one  end  with  a  sleeve  type  expansion  joint  on  the  other  end.  To 
facilitate  assembly  and  removal  the  joints  were  aligned  along  the  spars  so 
a  length  of  piano  wire  would  serve  as  pins  for  the  joints  along  one  side  of 
the  spar.  This  was  the  function  of  the  large  wing  spar  fittings.  The  alumi¬ 
num  strips  were  separated  by  cast-in-place  silicone  rubber  foam  to  provide 
aerodynamic  seal  and  allow  for  lateral  expansion  with  minimum  damping.  This 
froth  type  foam  weighs  about  twenty  pounds  per  cubic  foot.  It  may  be  cast 
in  place  or  preformed.  Its  properties  remain  constant  to  at  least  300°F. 

On  the  body,  a  slightly  different  approach  was  taken.  As  previously 
mentioned  the  forward  portion  was  rigid.  The  bottom  of  the  body  was  covered 
by  the  lower  wing  skin.  The  upper  body  skin  was  a  "covered  wagon"  type.  The 
ribs  were  formed  by  a  laid  up  fiberglas  shell  with  a  high  temperature  poly¬ 
ester  resin  for  temperature  consideration  (Figure  7).  It  was  slotted  almost 
to  the  wing  level  to  form  ribs  and  each  rib  was  bolted  to  a  clip,  in  turn 
welded  to  the  upper  body  longeron.  The  slots  opened  and  closed  accordian 
fashion  as  the  body  flexed.  Aerodynamic  fairing  for  this  was  provided  by  a 
one-sixteenth  inch  skin  of  the  same  silicone  foam  used  in  the  wings.  This 
foam  did  not  bulge  or  depress  at  the  slots  in  the  fiberglas  as  the  body 
flexed.  On  test,  it  was  observed  that  low  base  pressure  inside  the  wing  and 
body  caused  the  large  unsupported  areas  to  suck  in.  This  was  remedied  by 
bracing  the  upper  wing  skin  support  beams  against  the  lower  ones  by  balsa 
posts  and  by  running  a  stiffener  along  the  body  side  to  bear  against  blocks 
on  the  wing  skin.  The  fins  also  were  covered  by  this  slotted  fiberglas  and 
silicone  foam  skin.  Here  because  of  flat  areas  the  inboard  and  outboard 
skins  were  forced  to  react  against  each  other  by  endgrain  balsa  spacers. 

The  presence  of  the  pilot  compartment,  the  instrumentation  capsule  and 
the  auxiliary  power  capsule  preclude  the  use  of  diagonals  in  the  body  for 
torsional  stiffness.  These  compartments  are  so  attached  to  the  truss  that 
they  provide  body  torsional  stiffness  but  are  jointed  so  they  do  not  add  to 
the  longitudinal  bending  stiffness  and  offer  no  restraint  to  temperature 
expansion  or  contraction*  In  the  model  these  parts  were  simulated  by  flexure 
mounted  rigid  steel  tubes  or  "cans"  stiffened  with  external  flanges  (Figure 
11 ) .  They  were  heavy  enough  to  meet  the  contents  mass  requirement  and  still 
allowed  space  for  the  6ting  to  run  thru  the  body. 

INSTRUMENTATION 

Instrumentation  in  the  model  to  record  its  response  included  both  strain 
gages  and  accelerometers.  Strain  gages  were  installed  on  the  upper  and  lower 
body  longerons  and  the  major  wing  spar  members.  These  were  used  only  for  moni¬ 
toring  model  stresses.  Sub-miniature  accelerometers  were  used  as  the  primary 
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data  source*  They  were  located  to  measure  model  pitch  and  roll,  vertical 
translation  at  mid-body,  fin  vertical  translation  and  rudder  and  elevon  rota¬ 
tion.  Significant  parameters  were  monitored  on  oscilloscopes  and  all  the 
data  channels  were  recorded  on  a  self  developing  oscillograph  for  rapid  vis¬ 
ual  analysis.  All  data  channels  were  continuously  recorded  on  magnetic  tape 
whenever  there  was  wind  on  in  the  tunnel. 

In  order  to  assume  valid  data  it  is  necessary  to  know  that  the  mode]  is 
not  being  restricted  in  motion  by  pitch  limits  or  elevon  or  inidder  stops. 
Systems  were  designed  to  inform  the  model  pilot  wher.  these  renditions  existed. 
A  standard  automotive,  pressure  operated  hydraulic  orake  light  suitch  turned 
on  a  red  indicator  light  on  the  console  (Figure  8]  when  pressure  was  present 
in  the  snubber  system.  Along  with  this  was  a  pitch  indicator  to  show  mode], 
attitude  relative  to  the  sting.  It  consisted  of  a  ten  inch  l^ng  by  .025  inch 
thick  flat  steel  spring  mounted  to  the  sting  so  that  the  free  end  would  ruo 
inside  the  aft  instrumentation  compartment  can  through  the  entire  pitch  range. 
A  strain  gage  bridge  on  the  spring  was  read  out  on  a  mill iamme ter.  This  was 
calibrated  simply  by  pitching  the  model  to  its  extremes  and  setting  the  range 
on  the  console  indicator,  the  milliammeter. 

The  rudders,  though  set  for  approximate  trailing  angle  were  subject  to 
considerable  variation  in  loading  over  the  test  speed  range.  The  range  of  the 
rudder  stops  was  limited  by  overstressing  of  the  hinge  spring.  These  stops 
consisted  of  a  heavy  yoke  with  a  bolt  in  the  end  of  each  arm  acting  as  a 
variable  stop  and  bearing  on  the  rudder  hinge  fitting.  The  arms  of  the  yoke 
were  strain  gaged,  each  with  two  arms  of  a  four  arm  bridge.  Readout  of  this 
bridge  was  on  an  oscilloscope  for  high  sensitivity  and  to  determine  if  the 
rudder  was  hitting  the  stops  intermittently  or  "grounded  solid".  Striking 
inboard  and  outboard  stops  deflected  the  trace  on  the  oscilloscope  in  oppo¬ 
site  directions  so  the  pilot  could  know  the  direction  of  rudder  loading. 

Elevon  position  indication  was  also  read  out  on  a  milliammeter.  Signal 
was  provided  from  a  forty  turn,  continuous  rotation  miniature  trimming  poten¬ 
tiometer  driven  by  the  elevon  leadscrew  at  the  outboard  drive  gearbox.  The 
elevon  spring  stops  were  similar  to  the  rudder  stops,  i.e.  a  strain  gaged 
yoke,  and  were  read  out  on  an  oscilloscope.  It  was  in  fact  the  second  beam 
of  a  dual  trace  instrument  with  the  rudder  stops  on  the  first  trace. 

In  order  to  assure  zero  lift  of  the  model  on  the  sting,  that  is,  model 
flying  at  one  "g"  load,  the  sting  was  strain  gaged  just  aft  of  the  model. 

This  was  read  out  on  the  digital  mil livol teeter  and  was  the  basic  reference 
used  by  the  pilot  for  trimming  the  model.  This  particular  gage  installation 
was  unfortunately  temperature  sensitive  and  was  really  dependable  only  after 
temperatures  in  the  test  section  were  stabilized.  Also  this  was  the  only 
one  of  the  indicating  systems  tliat  could  not  easily  be  cross  checked  during 
testing.  It  was  therefore  check  calibrated  at  every  tunnel  entry. 

For  additional  information  thermocouples  were  installed  at  five  stations 
in  the  model  for  the  supersonic  test.  They  gave  the  temperature  distribution 
for  the  nose,  lower  body,  aft  upper  body,  wing  spar  and  wing  leading  edge 
structure. 

We  have  now  a  completed  model.  Calibration  of  the  model  included  shake 
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test  surveys  of  the  model  to  determine  response  peaks  and  node  lines  with 
the  model  first  suspended  on  soft  bungee  for  free-free  condition  (Figure  9)* 
and  then  cantilevered  from  a  fifteen  ton  floating  bedplate  (Figure  10)*  This 
was  followed  by  an  influence  coefficient  deflection  calibration  of  the  basic 
structure  of  the  model  mounted  in  the  cantilever  configuration  (Figure  11). 
The  skin  wan  partially  removed  since  it  does  not  contribute  to  the  model 
stiffness  and  the  damping  contribution  was  undesirable  for  static  deflections* 
In  addition  the  applying  of  calibration  weights  was  made  simpler. 

CONCLUSION 

Immediately  preceding  and  concurrent  with  the  early  design  stages  of 
this  transonic-supersonic  model  we  constructed  a  1/5  scale  low  speed  model 
and  tested  it  in  the  University  of  Washington  Aeronautical  Laboratory  8  x  12 
foot  low  speed  Wind  Tunnel.  It  served  to  prove  out  many  of  the  construction 
techniques,  as  well  as  the  over-all  simulation  and  the  flying  characteristics 
of  the  model  in  test.  Typical  low  speed  scaling  factors  resulted  in  a  low 
stiffhess  requirement  as  well  as  a  low  scale  weight.  The  EA  stiffness  was 
met  by  using  magnesium  rods  for  the  structure.  Initial  attempts  at  welded 
magnesium  joints  proved  unsatisfactory  so  monel  tubing  joint  assemblies  were 
brazed  together  and  the  magnesium  members  were  epoxy-bonded  into  them.  Col¬ 
umn  stiffness  was  provided  by  balsa  overcoats  with  string  wrapping.  Actual 
column  failures  occurred  with  the  magnesium  rods  pushing  out  between  the 
wrappings.  It  did  prove  the  technique,  though.  The  skin  of  both  the  wing 
and  the  body  was  made  in  relatively  large  flexure  supported,  balsa  panels, 
sealed  by  foam  rubber  strips.  This  skin  provided  attachment  for  mass  balance 
weights  as  well  as  aerodynamic  fairing.  Models  of  three  stiffnesses  were 
tested,  two-thirds  nominal,  nominal,  and  twice  nominal.  It  was  tested  suc¬ 
cessfully  at  the  University  of  Washington  Aeronautical  Laboratory  8  x  12  foot 
subsonic  tunnel  on  the  Boeing  flutter  model  rod  support.  This  test  served 
to  confirm  the  handling  characteristics  of  the  configuration  in  the  tunnel* 

Models  with  three  levels  of  longitudinal  bending  stiffness  were  con¬ 
structed  for  transonic  and  supersonic  testing  in  an  effort  to  bracket  the 
potential  scale  stiffness.  They  were  constructed  using  current  materials 
and  techniques.  Their  calibration  indicated  successful  simulation  of  the 
proposed  structures  and  agreed  with  analytical  results.  The  testing  in  the 
transonic  and  supersonic  legs  of  the  Arnold  Center  Sixteen  Foot  Propulsion 
Wind  Tunnel  (Figure  12)  covered  Mach  numbers  to  M  =  2.25  and  high  dynamic 
pressures.  The  models  demonstrated  the  ability  to  perform  under  these  con¬ 
ditions  and  to  withstand  the  supersonic  starting  shock.  This  test  performed 
early  in  the  Dyna-Soar  program  established  the  analyses  for  handling  param¬ 
eter  changes  analytically  and  eliminated  time  consuming  uncertainties.  Fur¬ 
ther  component  and  vehicle  flutter  testing  on  the  Dyna-Soar  can  probably  be 
limited  to  checkout  of  the  final  design  configuration. 
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FIGURE  1 
COMPLETED  MODEL 


FIGURE  ?. 

Motanr  cmxx&rt  test 


FIGURE  5 

BODY  TRUSS  ASSEMBLY 


FIGURE  6 
WING  SKIN 
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FIGURE  7 
WING-BODY  SKIN 


FIGURE  8 

MODEL  CONTROL  POSITION 
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FIGURE  10 

CANTILEVER  CALIBRATION 
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FIGURE  11 

INFLUENCE  COEFFICIENT  CALIBRATION 
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FIGURE  12 

DYNA  SOAR  MODEL  IN  l6  FOOT 
SUPERSONIC  TEST  SECTION 


DYNAMIC  MODEL  TESTING  OF  THE  XC-142A  AIRCRAFT 


A.  L.  Head,  Jr. 


W.  D.  Smith 


Chance  Vought  Corporation 


ABSTRACT 


This  paper  presents  some  of  the  results  of  the  dynamic  model  tests  of  the  XC-142A 
aircraft.  Of  particular  interest  are  the  testing  techniques  associated  with  propeller 
whirl  flutter.  The  model  incorporates  simulation  of  the  engine  mount  dynamics,  of  the 
propeller  dynamics,  and  of  the  shafting  dynamics  in  addition  to  the  regular  structural 
dynamics.  The  model  is  used  to  check  mount  failure  conditions  with  respect  to  flutter 
and  to  check  dynamic  loads  with  respect  to  propeller  unbalance.  The  model  will  also 
be  used  in  further  tests  to  measure  total  aerodynamic  coefficients  through  the  zero 
angle  of  attack  range. 
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DTHMUJD  MODEL  BSSTIBO  OF  THE  XD-142A  AIRCRAFT 

w  £4. 

A.  L.  Head,  Jr.  and  W.  D.  Smith 


1.0  INTRODUCTION 

The  XC-142A  Aircraft  is  a  tilt  wing  VTOL  vehicle  designed  to  demonstrate 
the  all-weather  operational  suitability  of  VTOL  transport  aircraft.  The 
airplane  has  superior  STOL  as  well  as  VTOL  capabilities.  It  features  a  large 
cargo  compartment  to  transport  a  payload  of  8,000  pounds  for  VTOL  missions 
while  cruising  at  250  knots.  The  limit  velocity  is  400  knots. 

The  airplane  is  powered  by  four  T64-GE-6  wing  mounted  engines  driving 
four  propellers  and  a  tail  rotor  through  an  interconnected  shafting  systan. 

The  wing  is  of  moderately  high  aspect  ratio  mounted  high  on  the  fuselage,  and 
can  be  tilted  through  an  angle  of  100  degrees  for  the  hovering  and  transition 
mode.  The  wing  incorporates  full-span  double-slotted  flaps.  Leading  edge 
slats  for  stall  suppression  are  incorporated  on  the  outboard  side  of  each 
engine  nacelle  to  compensate  for  the  angle-of -attack  induced  by  the  propeller 
slipstream  in  these  areas.  The  vertical  tail  is  a  conventional  fin  and  rudder 
arrangement  centrally  located  on  the  fuselage  that  supports  the  all-moving 
horizontal  tail  assembly. 

Figures  1  and  2  show  the  airplane  in  the  conventional  flight  mode  and  the 
hover  mode,  respectively. 

Inherent  in  the  design  of  this  type  of  aircraft  are  many  formidable 
dynamic,  aeroelastic,  and  acoustic  challenges.  Consequently,  considerable 
effort  has  been  expended  during  the  design  phase  of  this  aircraft  to  define 
clearly  the  major  dynamic,  aeroelastic,  and  acoustic  design  requirements.  A 
general  review  of  the  design  programs  conducted  in  the  above  technical  areas 
is  given  in  reference  (l).  This  paper  will  discuss  the  details  associated  with 
the  dynamically  similar  model  program  for  the  XC-142  Aircraft. 


*  Supervisor,  Structuren-Dynamics  Group,  Chance  Vougbt  Corp. ,  A  Division  of  Ling- 
Temco-Vought,  Inc.,  Dallas,  Texas 

Lead  Engineer,  Structures-Dynamj cs  Group,  Chance  Vought  Corp.,  A  Division 
of  Llng-Temco-Vought,  Inc.,  Dallas,  Texas 


717 


Preceding  page  blank 


jMXutnux  uJi  ha  ua  ms  X2U1AJUI  MJVULAJWUVUUyWWW 


2.0  PHILOSOPHY  AND  OBJECTIVES 

The  dynamically  similar  model  program  for  the  XC-142A  Aircraft  is  part 
of  the  more  general  flutter  program.  The  philosophy  of  design  for  flutter 
employed  in  the  flutter  program  is  essentially  the  same  as  that  enounced  in 
reference  (2)  and  restated  in  reference  (l);  namely,  the  structural  design 
must  be  optimized  to  produce  the  required  flutter  margin  for  the  least  weight. 
The  required  flutter  margin  can  be  stated  briefly  as  follows:  At  any  flight 
condition  within  the  flight  envelope,  flutter  must  not  occur  within  a  15 
percent  margin  on  either  equivalent  airspeed  or  Mach  number.  The  attainment 
of  the  minimum-weight  design  required  by  the  above  philosophy  necessitates 
the  establishment  of  well  coordinated  analytical  and  experimental  programs. 

The  dynamically  similar  model  program  is  one  of  the  experimental  programs 
established  to  implement  the  philosophy  of  design  for  flutter.  The  objectives 
of  this  model  program  for  conventional  flight  configurations  are  as  follows:  # 

a.  To  determine  experimentally  the  flutter  characteristics  of  a  healthy 
XC-142A  Aircraft  within  the  required  flutter  margin  boundary. 

b.  To  determine  experimentally  the  effect  on  flutter  of  important 
parametric  variations;  for  example,  rotational  stiffness  variation 
about  hinge  axes  of  control  surfaces  and  rotational  free-play 
variation  about  hinge  axes  of  control  surfaces. 

c.  To  determine  experimentally  the  effect  on  flutter  of  various  failures 
consistent  with  the  failure  philosophy. 

d.  To  determine  experimentally  the  steady-state  response  of  the  structure 
to  propeller  unbalance. 

e.  To  determine  experimentally  the  static  aerodynamic  derivatives  of  the 
flexible  model  by  using  the  dynamically  similar  model  as  a  force  model. 

The  objectives  of  this  program  do  not  include  the  investigation  of  any 
hover  or  transition  configurations.  During  hover  and  transition  the  velocities 
are  relatively  low  and  no  flutter-type  instabilities  are  anticipated. 

3.0  MODEL  DESIGN  AND  FABRICATION 

To  accomplish  the  objectives  set  forth  above  and  to  facilitate  the 
comparison  of  analytical  and  experimental  results,  the  model  program  is 
divided  into  three  distinct  phases  as  follows: 

a.  Phase  I  -  Wing  Test 

b.  Phase  II  -  Empennage  Tests 

c.  Phase  III  -  Complete  Aircraft  Tests 


*  A  healthy  aircraft  is  one  that  has  no  failed  members;  that  is,  all  primary 
structural  components  are  as  designed. 
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The  wing,  empennage,  and  fuselage  are  designed  as  components  that  can  be 
assembled  into  the  complete  aircraft  model.  Consequently,  In  the  Phase  I 
tests  the  wing  Is  mounted  on  a  constrained,  tailless  fuselage  that  has  the 
rigid  body  inertial  characteristic  of  the  empennage  simulated.  In  the  Phase  II 
tests  the  empennage  Is  mounted  on  a  constrained  fuselage  with  or  without  the 
wing.  Finally,  In  the  Phase  IH  tests  the  completely  assembled  airplane 
model  Is  constrained  only  In  drag, side  translation,  and  roll. 

3.1  Design  Criteria 

The  model  is  designed  for  testing  In  the  Chance  Vought  Low-Speed-Wind- 
Tunnel.  A  derivation  and  discussion  of  the  dynamic  similitude  factors  used 
In  the  design  is  presented  In  the  Appendix.  As  shown  therein,  the  geometrical 
scale  factor  is  0.100.  The  model  design  criteria  are  listed  below: 

a.  Inertial  and  stiffness  distributions  of  the  model  components  must 
be  within  10  percent  of  their  required  values. 

b.  Important  frequencies  must  be  within  5  percent  of  their  required 
values. 

c.  Mode  lines  associated  with  the  Important  frequencies  must  accurately 
simulate  their  full-scale  counterparts. 

d.  The  model  must  be  able  to  withstand  the  static  loads  associated  with 
an  angle-of -attack  change  of  h  degrees  at  100  knots  equivalent  air¬ 
speed  on  the  model  (316  knots  on  the  airplane). 

e.  The  model  must  fly  at  the  correct  lift  coefficient  for  a  given  angle- 
of  -attack.  This  implies  that  the  elastic  deformations  due  to  the 
static  aerodynamic  loading  resulting  from  an  angle-of -attack  change 
must  be  equal  to  those  obtained  on  the  aircraft  multiplied  by  the 
geometrical  scale  factor. 

3.2  Model  Construction 

The  construction  of  the  model  fuselage  and  surfaces  is  conventional.  In 
each,  a  structural  spar  made  of  magnesium  is  featured  to  provide  all  the 
required  stiffness  and  strength  characteristics.  Segments  made  of  balsa  wood, 
silk,  and  tissue  are  attached  to  the  spars  to  provide  proper  aerodynamic  con¬ 
tours.  No  structural  ties  exist  between  adjoining  segments  except  through 
the  spar,  rendering  the  segments  nonstructural  with  regard  to  spanwise  stiff¬ 
ness  distributions. 

All  primary  controls  for  conventional  flight  are  incorporated  on  the 
model.  Since  neither  hover  nor  transition  flight  configurations  are  to  be 
investigated,  the  leading  edge  slats  and  trailing  edge  flaps  are  not  in¬ 
corporated  on  the  model.  Provisions  are  made  in  the  design  of  the  wing  pivot, 
aileron,  rudder,  and  horizontal  tail  rotational  constraints  to  facilitate  the 
variation  of  theca  constraints.  This  variation  includes  the  ability  to  intro¬ 
duce  rotational  free -play. 

The  propellers  are  Joined  by  a  shafting  system  similar  to  the  airplane 
system.  A  small  electric  motor  located  in  the  fuselage  powers  the  propellers 
to  provide  incremental  adjustment  of  propeller  rotational  velocity. 
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The  propeller  blade  angles  are  manually  adjustable.  The  electric  motor  Is 
not  Intended  to  supply  power  to  the  propellers  to  simulate  various  thrust 
conditions.  The  propellers  are  essentially  windmilling  propellers  connected 
via  the  shafting  system  to  Insure  that  each  propeller  turns  at  the  same 
rotational  velocity.  The  basic  variation  of  rotational  velocity  is  obtained 
by  varying  the  propeller  blade  angles. 

The  construction  of  the  engine-gearbox-propeller  mounting  system  follows 
the  actual  aircraft  design  in  detail. 

The  all-moving  horizontal  tail  is  controllable  about  its  pitch  axis. 

A  small  electric  motor  within  the  fuselage  provides  the  actuation  power 
necessary  to  slowly  vary  the  angle -of -attach  of  the  horizontal  tail.  This 
feature  is  built  into  the  model  to  provide  trim  power  during  the  complete 
airplane  tests. 

As  examples  of  the  general  construction  techniques,  Figures  3,  5,  and 

6  show  skeletal  details  of  the  wing,  engine-gearbox-propeller  mounting 
system,  empennage,  and  fuselage,  respectively. 

3.3  Simulation 

A  very  high  degree  of  dynamic  simulation  is  achieved  in  the  model  and  its 
components.  Modes  and  frequencies  of  each  component  are  checked  prior  to  the 
assembly  of  the  complete  model.  In  general  the  first  four  modes  and  frequencies 
of  each  surface  are  accurately  simulated.  In  the  case  of  the  wing,  the  first 
twelve  coupled  modes  are  simulated.  As  indicated  previously,  aileron,  rudder, 
and  horizontal  tail  degrees  of  freedom  are  accurately  simulated.  However, 
certain  aspects  of  the  detail  simulation  deserve  special  mention. 

The  propeller  blades  are  constructed  of  a  twisted  magnesium  spar  formed 
to  contour  with  balsa  wood  and  silk.  The  inertial  properties  and  the 
fundamental  bending  frequency  of  each  blade  are  simulated. 

The  model  shafting  system  does  not  simulate  the  airplane  shafting 
dynamics.  However,  the  model  design  presented  some  detail  design  problems. 
Shafting  critical  speeds  are  high  enough  to  avoid  problems  with  model 
operation;  however,  the  design  of  flexible  couplings  did  present  problems. 
Flexible  disc  couplings  first  employed  in  the  design  exhibited  poor  fatigue 
characteristics.  Presently,  a  universal  joint -spline  design  is  giving 
satisfactory  service. 

The  dynamic  simulation  of  the  wing  presented  a  two-dimensional  vibration 
problem  requiring  that  normal  bending,  torsion,  and  in-plane  bending  dynamic 
characteristics  all  be  accurately  simulated. 

ope Her  whirl  flutter  considerations  dictated  that  the  simulation  of 
the  engine -gearbox-propeller  system  be  very  accurate.  This  presented  perhaps 
the  most  difficult  model  design  problem.  The  support  system  is  a  multi- 
redundant  strut  arrangement  as  shown  in  Figure  1.  The  engine  and  gearbox 
each  has  six  rigid  body  degrees  of  freedom.  The  flexible  connection  between 
the  engine  and  gearbox  and  the  flexibility  of  each  strut  are  all  accurately 
simulated.  The  model  support  system  has  a  strut  where  the  airplane  has  one. 
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Each  strut  on  the  model  is  removable  to  permit  the  simulation  of  failure 
conditions.  To  quality  the  final  model  design,  measured  influence  coefficients 
in  terms  of  the  twelve  degrees  of  freedom  previously  mentioned  are  conpared 
with  calculated  values  in  Table  1.  Also,  the  first  six  modes  and  frequencies 
of  the  engine -gearbox -propeller  system  mounted  on  a  rigid  wing  are  used  for 
the  final  check.  A  frequency  comparison  of  model  and  aircraft  frequencies 
is  given  in  Table  2. 

As  illustrations  of  the  simulation  achieved,  comparisons  of  wing 
inertial  distribution,  wing  stiffness  distribution,  and  wing  frequencies  are 
shown  in  Figure  7,  Figure  8,  and  Table  3,  respectively. 

4.0  MODEL  TESTS  AHD  RESULTS 

At  the  time  of  this  writing  the  Phase  I  Wing  Tests  are  complete  and 
the  Phase  H  Empennage  tests  are  in  process.  The  Phase  III  Complete  Aircraft 
Tests  are  scheduled  after  the  presentation  date  of  this  paper. 

4.i  phase  i  -  whig 

As  previously  described  in  the  Phase  I  tests,  the  wing  is  mounted  on  a 
constrained  fuselage.  During  these  tests  the  empennage  ie  inertially 
simulated  only.  The  fuselage  is  constrained  in  vertical  translation  and  roll 
at  the  two  nodal  points  of  the  fundamental  free -free  eymaetric  mode  of  the 
fuselage.  Struts  housing  the  nodal  point  attachments  are  connected  to  the 
wind  tunnel  aerodynamic  balance  system.  Tr  inning  of  the  model  In  pitch 
is  accomplished  by  tunnel  controls  that  vertically  translate  the  aft  strut. 

The  Phase  I  configuration  mounted  in  the  tunnel  at  a  high  angle-of -attack 
is  shown  in  Figure  9. 

The  instrumentation  consists  of  twelve  strain  gage  bridges,  a  propeller 
tachometer,  the  wind  tunnel  balance  system,  two  high  intensity  3 tro bo lights, 
and  two  high-speed  motion  picture  cameras .  The  strain  gage 
bridges  are  positioned  to  measure  the  following:  normal -plane  bending, 
in-plane  bending,  and  torsion  of  both  sides  of  the  wing  near  the  wing -fuselage 
attachments;  torsion  near  the  right  outboard  nacelle;  ving  pitch  about  the 
pivot  axis  relative  to  the  fuselage;  and  vertical  and  lateral  motions  of  both 
of  the  left  gearboxes  relative  to  the  adjoining  wing.  The  strain  gage  and 
tachometer  output  signals  are  recorded  on  a  26-channel  oscillograph  during 
the  tests.  The  wind  tunnel  balance  system  is  used  to  record  the  usual  six- 
component  force  data  during  the  tests.  The  high-speed  motion  pictures  are 
taken  as  needed. 

Complete  static  calibration  tests  of  the  instrumentation  ore  performed 
on  the  model  es  installed  in  the  tunnel  prior  to  actual  wind  tunnel  testing. 

The  testing  procedure  consists  of  flying  the  model  in  the  tunnel  and 
monitoring  continuously  the  model  strain  gage  instrumentation  and  the 
aerodynamic  balance  data.  The  model  instrumentation  provides  the  means  of 
preventing  the  overloading  of  the  model.  The  aerodynamic  oalance  data 
shows  the  gross  model  loads.  Essentially  the  model  is  flown  at  a  1  **g** 
flight  condition  by  monitoring  the  flight  loads  on  the  model. 


731 


file  objectives  of  the  Phase  I  -  Wing  Test  are  as  follows:  clear  the 
healthy  wing  to  the  required  flutter  margin  "boundary;  evaluate  the  effect 
on  flutter  of  aileron  rotational  free-play  and  stiffness  variations;  evaluate 
the  effect  on  flutter  of  various  failure  conditions;  evaluate  the  effect,  on 
flutter  of  a  feathered  propeller;  and  determine  the  static  aerodynamic 
derivatives  of  the  flexible  wing  over  as  wide  a  range  of  angle -of -attack  and 
velocity  as  possible. 

Prior  to  the  discussion  of  the  results  obtained,  a  brief  summary  of 
the  calculated  flutter  characteristics  of  the  XC-1.42  is  required.  In  the 
analyses,  both  whirl  flutter  and  classical  flutter  considerations  are  included. 

Due  to  the  large  number  of  generalized  coordinates  required  to  adequately 
define  both  the  whirl  flutter  modes  and  the  classical  flutter  modes  simultaneously, 
the  analyses  are  done  by  components .  For  instance,  to  define  preliminary 
classical  flutter  characteristics,  the  wing  is  analyzed  considering  the  engine- 
gearbox-propeller  system  as  a  rigid  inertial  system.  Then,  considering  the 
wing  rigid,  the  engine -gearbox -propeller  system  is  analyzed  for  propeller 
whirl  characteristics.  In  each  of  these  component  analyses,  extensive 
parametric  studies  are  done.  Finally,  using  the  most  promising  design  from 
each  analysis,  the  whole  system  is  coupled  together  to  determine  if  any 
adverse  dynamic  coupling  effects  exist.  Figure  10  is  a  conventional  damping 
versus  velocity  plot  for  the  completely  coupled  ving-engine-gearbox-propeller 
system  including  root  degrees  of  freedom.  This  is  the  result  of  a  flutter 
analyses  using  27  degrees  of  freedom.  As  shown,  no  critical  flutter  condition 
exists  for  the  healthy  system.  Figure  11  is  included  to  show  the  effect  of 
aileron  rotational  stiffness  on  flutter.  This  is  a  plot  of  flutter  velocity 
versus  aileron  rotational  stiffness  showing  flutter  boundaries  for  various 
amounts  of  structural  damping  coefficient. 

The  engine-gearbox -propeller  system  of  the  model  is  shown  in  Figure  k. 

A  schematic  of  this  system  identifying  the  various  structural  members  is 
shown  in  Figure  12.  Component  whirl  flutter  analyses  are  conducted  on  this 
system  to  determine  the  effect  of  various  failure  conditions.  The  failure 
philosophy  involved  is  one  that  states  that  no  catastrophic  failure  of  the 
airplane  can  result -from  the  failure  of  any  one  structural  member.  Figure 
13  shows  the  resultB  of  the  flutter  analyses.  These  analyses  indicate  that 
strut  failures  significantly  affect  the  whirl  flutter  velocity;  however,  no 
critical  whirl  flutter  conditions  are  indicated.  These  results  provide  the 
basis  for  the  selection  of  the  failure  conditions  to  be  investigated  on  the 
dynamic  mode]..  Since  the  conpletion  of  the  Phase  I  tests,  additional  analyses 
for  the  completely  coupled  wing-engine-gearbox-propeller  system  including  the 
effect  of  strut  failures  show  that  coupling  the  engine-gearbox-propeller 
system  with  the  wing  virtually  eliminates  any  whirl-flutter  conditions.  This 
is  shown  in  Figure  lit.  It  is  suspected  that  the  aerodynamic  damping  provided 
by  the  wing  is  a  very  strong  contributing  factor  to  these  results. 

The  results  achieved  during  the  Phase  I  tests  completely  substantiate 
the  analytical  results  presented  above.  Absolutely  no  indication  of  flutter 
exists  for  the  healthy  wing,  as  predicted.  Numerous  runs  to  investigate 
various  aileron  stiffness  variations  show  that  the  analytical  results  pre¬ 
sented  in  Figure  11  are  conservative.  Limit-amplitude  instabilities  for  zero 
aileron  rotational  stiffness  and  for  a  25  percent-of -design-value  rotational 


stiffness  did  occur  and  these  points  are  superimposed  on  Figure  II.  The  effect 
Of  rotational  free-play  introduced  about  the  inboard  aileron  hinge  axis  is 
shown  on  Figure  1$.  The  rotational  free-play  is  set  on  the  model  by  conduct¬ 
ing  load-displacement  tests  on  the  aileron.  A  typical  load  displacement 
result  is  shown  as  Figure  16.  It  must  be  emphasized  that  the  boundary  shown 
in  Figure  1?  is  a  boundary  of  limit-amplitude  instability.  As  shown  thereon, 
this  boundary  is  penetrated  to  the  required  flutter  margin  with  no  destructive 
flutter.  The  analyses  imply  that  very  small  amounts  of  damping  about  the 
hinge  axis  will  completely  eliminate  this  type  of  instability.  Output 
impedance  tests  of  the  actual  aileron  actuation  system  show  that  sufficient 
damping  about  the  hinge  axis  is  available  to  constrain  this  type  of  instability. 

The  results  of  four  strut  failure  conditions  taken  one  at  a  time  on  one 
nacelle  at  a  time,  show  nothing  resembling  flutter.  One  run  inadvertently 
violated  the  failure  philosophy  by  having  the  simultaneous  failure  of  three 
of  the  aft  engine  mounts.  No  flutter  occurred  to  the  maximum  flutter  margin 
boundary.  The  results  of  these  tests  demonstrate  that  no  flutter  condition 
exists  on  the  wing. 

The  model  is  then  used  as  an  aerodynamic  force  model  to  determine  the 
various  aerodynamic  derivative  data.  Figure  1 6  shows  a  plot  of  the  lift 
coefficient  versus  angle-of -attack  for  various  velocities.  Data  for  both  the 
propellers  on  and  off  conditions  are  provided  to  show  the  effect  of  propellers 
on  lift  coefficient. 


4.2  PHASE  II  -  EMPENNAGE  TESTS 

In  the  Phase  II  test,  the  empennage  is  mounted  on  the  fuselage  con¬ 
strained  in  exactly  the  same  manner  for  these  tests  as  it  was  for  the 
fchase  I  tests.  During  these  teats  the  wing  can  either  be  on  or  off  the 
fuselage.  Most  of  the  tests  are  planned  for  the  wing-on  condition.  The 
Phase  II  configuration  mounted  in  the  tunnel  is  shown  as  Figure  18.  The 
Instrumentation  for  these  tests  consists  of  twelve  strain  gage  bridges, 
propeller  tachometer,  wind  tunnel  balance  sys  •*  5,  two  strobolights,  and 
two  high-speed  cameras.  Six  of  the  strain  gag  bridges  are  positioned  in 
the  empennage  to  measure  root  torsion  and  bending  on  each  side  of  the 
horizontal  tail  and  on  the  fin.  The  other  six  strain  gage  bridges  are 
located  in  the  wing.  As  described  previously,  the  wing  instrumentation 
consists  of  twelve  strain  gage  bridges.  Six  of  these  are  selected  for 
the  Phase  II  tests.  The  wind  tunnel  balance  system  iB  used  in  the  same 
manner  as  before. 

Complete  static  calibration  tests  of  the  instrumentation  are  performed 
on  the  model  as  installed  in  the  tunnel  prior  to  the  actual  tunnel  testing. 
The  testing  procedure  is  exactly  the  same  as  for  the  Phase  I  tests. 

The  objectives  of  the  Phase  II  -  Empennage  tests  are  as  follows: 
clear  the  healthy  configuration  to  the  required  flutter  margin  boundary; 
evaluate  the  effect  on  flutter  of  horizontal  tail  rotational  stiffness 
variation;  evaluate  the  effect  on  empennage  flutter  of  the  wing  on  or  off 
the  fuselage;  evaluate  the  effect  on  flutter  of  rudder  rotational  stiff¬ 
ness  variation,  extend  the  aileron  rotational  free-play  investigation 
started  during  the  Phase  I  tests,  and  determine  the  static  aerodynamic 
derivatives  of  the  flexible  empennage  over  as  wide  a  range  of  angle -of- 


attack  and  velocity  as  possible.  These  latter  tests  will  be  done  with 
and  without  the  wing. 

The  Phase  II  tests  are  partially  complete  at  the  time  of  this 
writing.  Although  the  run  data  are  not  folly  reduced,  the  following  apropos 
observation  can  be  made: 

The  healthy  empennage  configuration  with  wing  on  and  propellers  off 
is  clear  to  the  required  flutter  margin  boundary.  At  50  percent  of  the 
design  value  of  the  horizontal  tail  rotational  stiffness,  an  incipient 
flutter  condition  is  established  very  near  the  calculated  flutter  velocity. 
This  condition  provides  a  confirmation  of  the  analytical  representation. 

The  rudder  is  clear  with  80  percent  of  the  design  value  of  rudder  rotational 
stiffness. 

The  results  of  the  aileron  rotational  free-play  investigation  recon¬ 
firm  the  results  established  during  Phase  I  testing  displayed  in  Figure  15 . 
In  addition  various  amounts  of  mass  balance  of  the  inboard  aileron  shows 
that  the  free  aileron  can  be  restrained,  from  the  limit-amplitude  instability 
with  about  a  50  percent  of  mass  balance  condition. 

Interestingly,  the  analysis  of  failed  conditions  considering  the 
aft  engine  mount  failed  and  the  inboard  aileron  free  shows  that  no 
instability  occurs.  After  running  '-.he  aileron  free  condition  on  the 
model,  the  aft  engine  mounts  of  the  outboard  engines  are  disconnected  and 
no  instability  is  achievable,  confirming  the  analytical  result. 

The  aeroelastic  tests  to  determine  the  aerodynamic  derivatives  for 
the  flexible  model  are  completed.  The  model  aircraft  angle-of -attack  is 
varied  for  a  pre-set  incidence  angle  of  the  all -moving  horizontal  tail. 

At  each  angle-of -attack  setting  the  back-off  of  the  horizontal  tail  is 
recorded.  Then,  holding  aircraft  angle-of -at lack  constant  the  incidence 
of  the  horizontal  tail  is  varied  over  a  range  of  -2  degrees  to  8  degrees. 

At  each  setting,  the  aerodynamic  force  data  are  recorded. 

4.3  PHASE  in  -  COMPLETE  AIRCRAFT  TEST 

In  the  Phase  HI  -  Complete  Aircraft  Tests  scheduled  during  October, 
the  primary  objective  is  to  demonstrate  the  required  flutter  margin  with 
the  complete  model.  During  this  series  of  tests  the  model  is  to  be 
mounted  on  a  vertical  rod  that  passes  through  gimbals  in  the  model.  This 
mounting  arrangement  constrains  the  model  in  drag, side  translation  and  roll 
only*  roll  constraint  can  be  reduced  tc  zero.  However,  experience 
during  the  Phase  I  and  II  tests  indicates  that  a  residual  rolling  moment 
nearly  always  exists.  Further,  no  means  of  trimming  the  model  in  roll 
during  flight  exists.  All  of  these  considerations  dictate  the  use  of  a 
soft  roll  constraint  during  the  Phase  III  tests.  The  model  can  be  trimmed 
in  pitch  with  remote  control  of  the  horizontal  tail.  Pending  complete 
reduction  of  the  Phase  II  data,  the  healthy  configuration  is  the  only 
configuration  that  is  to  be  evaluated  during  Phase  III  testing. 


5.0  DISCUSSION  AND  SUMMARY 


The  XC-142A  dynamically  similar  model  program  is  an  unqualified  success 
through  the  Phase  I  and  II  tests.  The  wing  and  empennage  are  both  flutter 
free  to  the  required  margin.  There  are  no  known  problem  areas  that  can  pre¬ 
vent  the  Phase  III  tests  from  being  a  success  also. 

Fine  quantitative  data  obtained  during  the  Phase  I  and  II  tests  make 
the  attainment  of  all  but  one  of  originally  set  forth  objectives  a  reality. 

The  response  of  the  aircraft  and  its  components  to  propeller  unbalance  is 
achieved  in  a  qualitative  sense  only.  The  once-per-revolution  (IP)  response 
is  clearly  detectable  by  all  instrumentation.  However,  time  and  budgetary 
limitations  preclude  the  sophistication  of  instrumentation  required  to  obtain 
accurate  quantitative  data.  The  feasibility  of  obtaining  steady-state  re¬ 
sponse  measurements  by  use  of  this  type  of  model  is  certainly  demonstrated. 

During  this  model  program,  the  simulation  achieved  on  the  model;  the 
experimental  determination  of  the  effect  of  rotational  free-play  on  aileron 
limit-amplitude  instability;  the  attainment  of  sufficient  strength  charac¬ 
teristics  in  a  dynamically  similar  model  to  permit  static  aeroelastic  measure¬ 
ments;  and  the  testing  technique  each  represents  a  state-of-the-art  advance¬ 
ment. 


The  degree  simulation  of  primary  structural  parameters  is  excellent  as 
illustrated  in  Figures  7  and  8  and  in  Tables  1,  2,  and  3.  The  two- 
dimensional  dynamic  characteristics  of  tue  wing  and  the  engine-gearbox- 
propeller  system  represent  extremely  complex  systems  for  simulation.  The 
representation  of  blade  dynamics  and  the  inclusion  of  a  model  shafting 
system  present  significant  modeling  problems.  All  of  these  simulation 
factors  taken  together  in  one  model  present  state-of-the-art  model  design 
problems  that  are  satisfactorily  overcome  in  the  XC-142A  dynamically  similar 
model. 

The  measurement  of  the  effect  of  aileron  free-play  on  an  aileron  limit- 
amplitude  instability  provides  some  very  valuable  experimental  data  regarding 
the  XC-142A  aileron  system.  In  addition,  these  data  demonstrate  the  feasi¬ 
bility  of  using  a  low-speed  model  to  investigate  this  class  of  phenomenon. 

The  use  of  the  dynamically  similar  model  as  an  aeroelastic  force  model 
demonstrates  the  feasibility  of  combining  these  two  types  of  models  into 
one  dynamically  similar  model.  The  results  obtained  in  the  measurement  of 
the  static  aerodynamic  derivatives  of  the  flexible  model  indicate  that  this 
concept  can  be  carried  further  without  much  added  complexity.  Remote  control 
of  the  ailerons  and  rudder  as  well  as  of  the  horizontal  tail  will  permit 
the  conduction  of  an  entire  spectrum  of  model  flight  testing  similar  to  that 
conducted  on  the  actual  aircraft.  Stability  characteristics  of  the  flexible 
model  aircraft  can  rather  easily  be  determined  during  wind-tunnel  tests.  This 
aspect  of  modeling  technology  can  be  pursued  further. 

Associated  with  the  aeroelastic  tests  is  the  use  of  the  aerodynamic 
force  balance.  The  force  data  from  the  balance  system  provides  the  paramount 
information  that  prevents  the  overloading  of  the  model.  The  static  aeroelastic 


behavior  of  the  extremely  flexible  model  exhibits  some  quite  large  changes 
of  load  with  increasing  dynamic  pressure.  This  requires  the  constant  trim¬ 
ming  of  the  model  in  pitch  to  maintain  tolerable  loads.  Consequently,  any 
test  of  a  restrained  flexible  model  of  the  category  of  the  XC-lUSA  can  be 
conducted  much  more  safely  if  the  model  is  mounted  on  an  aerodynamic  string 
and  If  full  use  is  made  of  force  balance  data  during  the  tests. 
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APPENDIX 

SIMILITUDE  REQUIREMENTS  FOR  THE  XC-142A  DYNAMIC  MODEL 


The  design  of  a  dynamically  similar  model  can  be  adequately  defined  by 
a  suitable  choice  of  three  Independent  dimensionless  ratios.  The  three 
dimensionless  ratios  to  be  simulated  for  the  model  under  consideration  are: 

(1)  /(  — —p*=  reduced  frequency  ratio 

(2)  yd  —  —  Surface-to-air  density  ratio 

(3)  Yl  —  ■  pyjkfc  -  veight-to-aerodynamic  force  ratio 


where  ,<jO  »  frequency 

b  *  representative  semichord 
V  =  true  airspeed 
IV  —  weight 
f  2  air  density 
S  s  representative  semispan 
A  = representative  area 

Tiro  common  dimensionless  ratios ,  Mach  number  and  Reynolds  number,  are  not 
simulated.  Mach  number  is  not  simulated  because  compressibility  effects  are 
assumed  negligible  for  a  low-speed  model.  The  exact  simulation  of  Reynolds 
number  would  result  in  unattainable  test  section  airspeeds.  Fortunately,  the 
effect  of  variation  of  Reynolds  number  on  flutter  speed  and  frequency  is 
relatively  insignificant  for  the  large  values  of  Reynolds  number  encountered 
in  most  low-speed  flutter  models. 

From  consideration  of  the  three  primary  scalable  factors  (length,  mass, 
time)  the  following  model  to  airplane  ratios  can  be  obtained: 


00 

l 

H  *  geometrical  scale  factor 

(5) 

m  =  ri*W  *  m8B  ra-tio 

(6) 

r  =  -  speed  ratio 

'  <L 

where 

Jl,  s  representative  length 
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Subscripts  m  and  a  indicate  model  and  airplane  quantities,  respectively.  The 
gravitational  constant,  "g,"  has  not  been  considered  since  it  is  identical  for 
both  model  and  airplane. 


The  geometrical  scale  factor,  n,  is  determined  by  the  allowable  model 
size  to  airplane  size.  For  the  Vought  Low-Speed-Wind  Tunnel  7  x  10  feet  test 
section,  a  maximum  model  span  of  about  7  feat  is  feasible,  allowing  for  wall 
effects  and  adequate  working  clearance.  Considering  the  XC-142A  span  of 
about  JO  feet,  the  geometrical  scaling  factor  is  determined  to  be 


(7)  n  as 0.100 

From  the  requirement  (2)  that  =  yti ,A>-  the  relation 


(8) 


Wg 

w. 


=  j* 

/V 


4 

X 


£r 


—  '  m 


Y) 


is  obtained.  By  comparing  (8)  with  (5),  an  equivalent  relation  for  the  mass 
ratio  is  obtained  as 


The  Vought-Low-Speed-Wind  Tunnel  has  a  test  section  vented  to  the  atmosphere 
so  that  for  sea  level  standard  day  conditions 

<“>  fmm  fi 

Hence,  the  mass  ratio  must  be  set  to 

(11)  m  =1.00 

Results  from  tests  conducted  at  nonstandard  conditions  or  for  airplane 
altitudes  other  than  sea  level  may  be  corrected  to  desired  conditions  by 
means  of  trend  curves  of  flutter  speed  versus  a  density  dependent  parameter. 

By  the  requirement  (l)  that  km  =  (6)  may  be  rewritten  as 


(12) 


(*)*,  _  y.  (*)* 

^  <t)^  ~  V* 


Hence,  r  is  often  termed  the  frequency  ratio  as  veil  as  the  speed  ratio. 
From  (12),  note  that  time  scales  as 


(13) 


n_ 

r 
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For  a  slender  beam,  the  bending  and  torsional  frequencies  can  be  shown 
to  be  dependent  upon 


oo. 


/■v* 


1 


£T 


wr 


and 


(15) 


(*>T 


1  <tL*. 

M' 


respectively.  Here  El  is  the  flexural  rigidity  and  GJeff  is  the  effective 
torsional  rigidity.  Using  (5),  (12),  (l4),  and  (15 )  the  speed  or  frequency 
raito  may  be  written  as 


and 


U). 

(16)  r  »  n  -pa  =  n 
00. 


Elm 

£I±  _T[  £lm 

IT  ~  I  "in4*  £X„ 
**  K 


COy 

(17)  r  *  n  ^ 


=  n 


<5X 


vl, 


T 

V. 


-f 


tnn*GX. 


Ike  stiffness  ratio,  f,  can  now  be  defined  as 


(18) 


f .  £L.  -  GJ» 

1  ~  n4  El"  ~  rFG T 


so  that  (l6)  and  (17)  may  be  written  as 


Ibis  equation,  (19),  is  the  basic  relation  between  the  flutter  model  design 

parameters. 
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By  the  requirement  (3),  %,* 
may  be  written  6 

JL 

the  weight-to-aerodynamic  force  ratio 

Hi 

=  1 

(20)  “ 

K 

K 

Vx 

But  by  (2), 

(21) 

jlaL  _ 

1 

K 

r 

» 

Hence,  for  (20)  to  hold. 

the  remaining  relation  must  be 

(22) 

vm  J 

L 

_  »  jit 

V.  \ 

in 

Hius,  by  (12),  the  speed  or  frequency  ratio  must  be  set  to 


(23)  r  =  ■fn’  «  0.316 


and  by  (19)  the  resulting  stiffness  ratio  is 


(24)  f  =  m/=  0.100 


Another  method  of  arriving  at  the  results  (23)  and  (24)  is  to  require 
the  model  component  to  have  the  stuae  static  deflection  shape,  or  "droop," 
under  its  own  weight  as  the  airplane.  Then  at  any  point  on  the  model  component, 
the  statio  deflection,  <f  must  be 

(25)  cSm  =  ncT^ 

Ihe  static  deflection  of  a  slender  beam  is  proportional  to 


(26) 


Wi* 

El 
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Hence,  (25)  can  be  written  . 

EI»  n  £1* 

or 

W*  _  |  £7_ 

M*  Kt  n  n4-^ 

Using  (5),  (18),  and  (19),  this  relation  can  be  expressed  as 

(27)  n  =*  -|r  =  r* 


vhich  is  the  same  result  as  (23).  Fortunately,  with  this  design,  the  model  will 
support  its  own  weight  and  fly  at  the  correct  lift  coefficient.  This  allows 
for  a  vertical  translation  degree  of  freedom  without  the  use  of  a  supplementary ! 
vertical  force  to  support  the  model.  w 

For  the  simulation  of  propeller  whirl  flutter,  it  is  Important  that  the 
®^vance  ratio,  J,  be  simulated.  The  advance  ratio  is  dependent 

(28)  j  — JL 

°  U)D 

where  now  Wis  the  propeller  rotational  frequency.  By  the  requirement,  (l), 
it  can  be  seen  that  the  advance  ratio  is  simulated  so  that 


(29) 


-w. 


as  fo2ow-Utter  d8Sisn  parameters  stained  herein  can  be  summarized 


n  -  0.100  ■  geometrical  scale  factor 
m  m  1.00  •  mass  ratio 
f  •  0.100  ■  stiffness  ratio 
r  »  O.316  •  speed  or  frequency  ratio 


For  a  design  maximum  airspeed  at  sea  level  of  U00  knots  plus  a 

flutter  margin,  the  required  maximum  tunnel  airspeed  to  demonstrate 
flutter  margin  is  w 


15  percent 
the 


(30)  V*  sl.lSrV^  a  144  Kho^s. 

This  is  well  witnin  the  operating  range  of  the  Vought  Low-Speed-Wind  Tunnel. 


Table  1 


XC-142A  Dynamically  Similar  Model,  Influence  Coefficients  of 
Engine-Gearbooc-Propeller  System  Mounted  on  Rigid  Base, 
Compared  with  Airplane  Values 


GEARBOX 

ENGINE 

P 

P 

P 

M 

M 

M 

P 

P 

P 

M 

M 

M  1 

X 

Y 

z 

Y 

X 

z 

X 

Y 

Z 

X 

Y 

1  1 

DEFLECTION  X  10s 

2 

+  .48 

-.04 

+  .9 

+.04 

-.26 

— 

+  .8 

— 

+  .4 

— 

-.15 

— 

(+.5) 

(-.08) 

(+1.2) 

(+.04) 

(-.3) 

(+.03) 

(+.8) 

(+.02) 

(-.5) 

(+.009) 

(-.21) 

(+.01) 

t 

-.08 

+  3.6 

— 

-.4 

-.08 

-.32 

+  .08 

+  .5 

+  .24 

-.45 

— 

-.46 

(-.08) 

(+3.08) 

(-.17) 

(-.35) 

(+.03) 

(-.28) 

(-.10) 

(+.99) 

(+.004) 

(-.57) 

(+.03) 

(-.40) 

y 

X 

+  1.3 

-.1 

+  5.5 

+.33 

-1.0 

— 

+  2.2 

— 

-1. 

+.04 

-1. 

+  .1 

8 

(+1.2) 

(-.17) 

(1-4.8) 

(+.22) 

(-1.0) 

(+.05) 

(+2.23) 

(-.16) 

(-.94) 

(-.19) 

(-.751 

(+.03) 

a: 

a 

o 

— 

-.25 

+  .1 

+  1.78 

-.01 

-.05 

— 

-1.9 

— 

+  2.13 

-.05 

+.2 

(+.04) 

(-.35) 

(+.22) 

(+1.74) 

(-.053) 

(-.21) 

(+.10) 

(-2.57) 

(-.05) 

(+2.11) 

(-.05) 

(+.006) 

K 

-.25 

— 

-.25 

— 

+.45 

— 

-.65 

— 

+  .6 

— 

+  .20 

— 

(-.3) 

(+.03) 

(-1.0) 

(-.053) 

(+.38) 

(-.009) 

(-.67) 

(+.04) 

(+.87) 

(-.05) 

(+.20) 

(-.005) 

K 

— 

-.50 

— 

— 

— 

+.10 

— 

+.25 

_ 

-.05 

— 

+.35 

(+.03) 

(-.28) 

(+.05) 

(-.21) 

(-.009) 

(+.18) 

(+.03) 

(+.63) 

(-.06) 

(-.41) 

(-.006) 

(+.07) 

i 

+.7 

-.10 

+2.26 

+  .10 

-.56 

— 

+  1.56 

+.18 

-1.2 

— 

-.50 

— 

(+.8) 

(-.10) 

(+2.23) 

(+.10) 

(-.67) 

(+.03) 

(+1.53) 

(-.04) 

(-1.4) 

(+.08) 

(-.42) 

(+.02) 

t 

+.04 

+  .90 

— 

-2.1 

— 

+.30 

+  .08 

+  7.8 

-.20 

-2.77 

— 

+.72 

(+.02) 

(+.99) 

(-.16) 

(-2.57) 

(+.04) 

(+.63) 

(-.04) 

(+9.75) 

(+.04) 

(-3.58) 

(+.04) 

(+.86) 

X 

-.2 

-.3 

-.4 

-.35 

+.5 

— 

-2. 

+  .12 

+  6.7 

-.5 

+  1. 

-05 

u 

z 

(-.5) 

(+.004) 

(-.05) 

(+.87) 

(-.006) 

(-1.40) 

(+.04) 

(+6.39) 

(-.09) 

(+1.22) 

(-.005) 

1 

«x 

+.45 

+  .05 

+  2.15 

-.07 

-.05 

— 

-2.1 

-.2 

+  4.97 

-.15 

+.25 

Ul 

(t.009) 

(-.57) 

(+.19) 

(+2.11) 

(-.05) 

(-.41) 

(+.08) 

(-3.58) 

^ — .09) 

(+4.65) 

(-.04) 

(+.14) 

o 

-.20 

- 

-.35 

- 

+  .18 

— 

-.45 

+  1.0 

— 

+  .5 

— 

(-.21 

(+.03) 

-.75 

(-.05) 

(+.20) 

(-.006) 

(-.42) 

(+.04) 

- 

(+1.22) 

(-.04) 

(+.52) 

(-.004) 

6Z 

-.52 

— 

+  .050 

_ 

+.62 

_ 

+  .425 

_ 

+  .01 

(+.01) 

(-.40) 

(+.03) 

(+.006) 

(-.005) 

(+.066) 

(+.02) 

(+.86) 

(-.005) 

(+.14) 

(-.004) 

(+.03) 

(  )  INDICATES  SCALED  CALCULATED  AIRPLANE  VALUE 
—  INDICATES  DEFLECTION  WAS  NEGLIGIBLE 


NOTE:  ELEMENTS  OF  THIS  MATRIX  ARE  DEFLECTIONS  AT  THE  ENGINE  OR  GEARBOX 
CG  DUE  TO  UNIT  LOADS  AT  THE  ENGINE  OR  GEARBOX  AND  HAVE  UNITS  OF 
IN./LB,  IN./IN.— LB,  RAOIANS/LB,  OR  RADlANS/lN.— LB,  DEPENDING  UPON 
LOCATION  IN  THE  MATRIX. 

EXAMPLE:  ei(  (FIRST  ROW,  SEVENTH  COLUMN) «*  +.0008  IN/LB 

=  X  DEFLECTION  AT  GEARBOX  CG  DUE  TO  UNIT 
X  LOAD  AT  ENGINE  CG 


< 

i 
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18.04 _  _ 57.0  52.0  ENGINE  AND  GEARBOX  LATERAL  TRANSLATION 

6S5  30.70  97.0  76.0  ENGINE— GEARBOX  CONN ECT1 NG  SHAFT  TORSION 
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GENERAL  ARRANGEMENTS 


Figure  1.  XC-1U2A  Airplane,  Conventional  Flight  Mode 


Figure  4.  XC-1^2A  Dynamically  Similar  Model,  Skeletal  Detail 

of  Engioe^arbcot-Propeller  System 
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MAGNESIUM  VERTICAL  FIN  SPAR 


TAIL  BOOM  ATTACHMENT  POINT 


AFT  MOUNT  ROLL 
RESTRAINT  SYSTEM 


Figure  6.  XC-142A  Dynamically  Similar  Model,  Skeletal  Detail 

of  Fuselage  Spar 


PITCH  MOMENT  OF  INERTIA 


MEASURED  MODEL  DATA 


1,500 

- SCAL  :D  CALCULATED  AIRPLANE  DATA 

U) 

WEIGHT  -  GRAN 

Ul  o 

O  §  § 
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r-*"i 
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l 

• 

TOTAL  WEIGHT 

—  2,800  GRAMS 
-  2,605  GRAMS 

Figure  7*  XC-142A  Dynamically  Similar  Model,  Inertial  Dis 

tributions ,  Cooparison  of  Model  and  Airplane  Data 


VELOCITY  HKNOTS) 


Figure  10.  XC-142A  Airplane  Flutter  Analysis  Results  for  Completely  Coupled 
Wing-Engine-Qearbox  System  Including  Aileron  and  Wing  Root  Degrees  of  Freedom 
He&ltby  Configuration  Damping  vs.  Velocity -Frequency  vs.  Velocity  Maximum 

Power  Condition  V  •  350  Kts 
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INBD  AILERON  STIFFNESS  VARIATION  2  OUTBD  AILERON  STIFFNESS  VARIATION 
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Figure  11.  XC-142A  Airplane;  Flutter  Analysis  Results,  Velocity  Vs.  Aileron  Rotational  Stiffness 


XC-lk2A  Airplane,  Schematic  of  Engine  Mount  Design 


FREQUENCV^CCP.5)  DAMPING 


Figure  14.  XC-142A  Airplane  Flutter  Analysis  Results  for  Completely  Coupled 

Wing-  Engine-Gearbox  System  Including  Aileron  and  Wing  Root  Degrees  of  Freedom 
Outboard  Nacelle  Aft  Engine  Mount  Failed  Damping  vs.  Velocity-Frequency  vs. 
Velocity  Maximum  Power  Configuration  V  «  350  Kts 
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IN  BOAS  9  AILERON  FREE  PLAY  (PE^KEE*  POUBtE  AMP} 


Figure  15-  XC-lU^A  Dynamically  Similar  Model,  Test  Se«s«lts,  Lisit-fts$>litud* 
Instability  Boundary  of  Inboard  Aileron,  Velocity  Vo.  flotations,!  Free -Flay 
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Figure  16.  XC-142A  Dynamically  Similar  Model,  Inboard  Aileron  Typical 

Load-Displacement  Test  Results 
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Figure  18.  XC-14-2A  Dynamically  Similar  Model,  Phase  H  Test 

Configuration  Mounted  In  Test  Section 
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ABSTRACT 


Current  airframe  structural  integrity  test  requirements  are  reviewed  and  the 
necessity  for  full-scale  rather  than  component  testing  is  briefly  discussed.  Trends  in 
test  complexity  and  cost  are  presented  which  show  that  as  environmental  simulation 
parameters  become  more  demanding,  large  aerospace  vehicle  full  scale  testing  be¬ 
comes  economically  prohibitive.  The  application  of  component  testing  or  modeling 
techniques  as  a  solution  to  this  problem  is  discussed  and  suggestions  for  needed  re¬ 
search  are  presented. 
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The  Air  Force  and  its  predecessor  organizations  have  more 
or  less  traditionally  relied  on  full-scale  structural  tests  of 
a  complete  vehicle  airframe  as  the  prime  means  for  proving  the 
structural  integrity  of  their  weapon  systems.  This  strong 
reliance  on  structural  tests  has  not  been  arbitrary.  It  has 
been  based  upon  considered,  engineering  judgement  and  the  sta¬ 
tistics  over  the  years  have  borne  out  the  validity  of  this 
judgement. 

A  reference  to  figure  1  will  illustrate  this  point.  This 
shows  structural  test  failure  information  on  78  aircraft 
which  were  tested  at  Wright-Patterson.  The  data  on  the  first 
71  aircraft  were  compiled  in  19^6  and  cover  the  majority  of 
World  War  II  type  aircraft.  The  7  aircraft  referred  to  in  the 
19o3  compilation  represent  the  jet  age  -  from  the  F-86D  and 
F-84F  through  the  century  series  fighters  (F-102,  F-104,  F-105 
and  the  B-5o),  As  may  be  seen  from  the  chart  the  same  trends 
exist  today  as  did  almost  20  years  ago.  In  general,  although 
exact  data  are  not  readily  available,  the  series  of  jet  air¬ 
craft  failed  at  higher  percentages  of  ultimate  load  than  did 
their  World  War  II  predecessors.  This  indicates  an  improvement 
in  analytical  techniques  and  these  Improvements  should  not  be 
minimized.  There  has  been,  and  continues  to  be,  a  large  amount 
of  work  done  in  this  area.  With  the  advent  of  large  size,  high 
speed  computers  and  their  general  availability,  much  more 
rigorous  mathematical  techniques  can  be  applied  and  an  almost 
endless  number  of  variables  can  be  considered  in  performing 
these  analyses.  However,  at  least  today,  such  techniques  pro¬ 
vide  only  a  sophisticated  estimate  of  the  structural  capabili¬ 
ties  of  the  vehicle  and  this  estimate  must  be  validated  by 
test.  Reliance  upon  purely  analytical  techniques  will  not 
assure  the  requisite  structural  integrity  of  the  weapon  system. 

This  being  the  state-of-the-art,  the  Air  Force  still 
requires  full-scale,  complete  vehicle  structural  test  programs 
for  final  structural  verification  of  its  weapons  systems.  A 
very  large  effort  has  gone  into  the  development  of  techniques 
and  special  facilities  needed  to  perform  these  advanced  vehicle 
structural  tests.  Reasonable  success  has  been  achieved  in 
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simulating  the  critical  structural  environments  that  our 
advanced  aerospace  vehicles  encounter;  notably  those  of 
extreme  temperatures  (both  high  and  low)  and  the  real-time  load 
environment.  In  achieving  these  simulation  capabilities, 
trends  are  becoming  apparent  that  are  worthy  of  attention. 

The  most  apparent  is  the  rapidly  increasing  cost  of  per¬ 
forming  these  advanced  structural  tests.  Table  1  presents  a 
compilation  of  facility  costs  based  around  today's  requirements 
and  includes  some  forecasts  for  the  future.  The  basic  facility 
indicated  in  the  first  column  provides  the  building  and  equip¬ 
ment  required  to  conduct  full-scale  tests  with  no  environmental 
simulation  other  than  that  of  external  loads;  in  other  words, 
room  temperature  structural  tests.  The  second  column  repre¬ 
sents  the  dollar  costs  that  must  be  added  to  the  basic  facility 
cost  in  order  to  provide  a  large  scale  elevated  temperature 
test  capability.  These  dollars  provide  40,000  KW  of  program 
controlled  electrical  power,  programmed  load  equipment,  and  a 
large  size  data  acquisition  and  analysis  system.  For  this 
expenditure  one  has  a  large  scale  test  facility  with  a  broad 
range  of  test  capabilities;  a  facility  that  can  provide  full 
scale  test  simulation  on  many  different  types  of  vehicles,  up 
to  and  including  lifting  re-entry  vehicles  of  the  class  and 
size  of  the  Dyna  Soar  Glider.  At  this  point,  approximately 
8,000,000  additional  dollars  have  been  invested.  However,  even 
with  this  elaborate  and  costly  installation,  to  conduct  a  full 
scale  test  on  a  B-70  class  air  vehicle  requires  even  more  in 
the  way  of  equipment;  approximately  1,680,000  dollars  worth. 
This  money  primarily  provides  the  additional  electrical  power 
control  loops  needed  for  the  proper  thermal  distribution  and 
simulation  over  an  entire  vehicle  of  this  size. 

Let  us  now  extend  the  facility  requirements  one  step 
further.  Consider  what  would  be  required  to  provide  a  full 
scale  structural  test  capability  for  a  hypervelocity  and 
re-entry  vehicle  having  self-contained  propulsion  systems.  One 
comes  up  with  some  startling  numbers! 

First  of  all,  the  40,000  KW  of  electrical  power  and  con¬ 
trol  equipment  already  existing  must  be  increased  by  a  factor 
of  at  least  ten  (more  probably,  twenty).  This  will  cost  con¬ 
servatively,  40,000,000  dollars  and  does  not  include  the  added 
power  generation  and  distribution  system  that  will  be  required. 
The  data  system  channels  must  be  increase^  due  to  the  large 
size  of  the  vehicle  and  its  more  demanding  data  requirements. 
This  can  be  accomplished  at  an  estimated  cost  of  3> 000,000 
dollars.  The  number  of  loops  of  programmed  loading  equipment 
will  have  to  be  increased  at  a  estimated  cost  of  2,500,000 
dollars.  A  new  capability  will  have  to  be  incorporated  to 
provide  a  suitable  simulant,  probably  liquid  nitrogen,  for 
the  vehicle's  cryogenic  fuel.  This  capability  will  include 
the  storage,  transfer,  and  control  of  large  volumes  of  the 


simulant.  In  addition,  provisions  will  have  to  be  made  to 
accommodate  any  large  volume  spillage  of  the  simulant  in  case 
of  test  article  rupture.  This  cryogenic  fuel  simulant  facility 
will  cost,  conservatively,  5,000,000  dollars.  The  total 
facility  investment  now  runs  approximately  61,000,000  dollars  - 
a  large  cost  for  one  small  phase  of  an  overall  system  develop¬ 
ment  program! 

The  cost  of  such  a  test  facility  is  only  a  part  of  the 
story,  for  it  provides  merely  the  non- expendable,  or  capital 
Investment  equipment.  Let  us  now  examine  the  cost  of  expend¬ 
able  supplies  and  materials.  In  general,  and  this  is  quite 
understandable,  the  same  trend  exists  here  as  in  the  facility 
costs.  There  is  one  cost,  however,  that  is  rising  at  an  ex¬ 
tremely  high  rate.  This  is  the  cost  c’  providing  the  very  high 
surface  temperatures  required  for  superconic  and  hypersonic 
flight  simulation. 

Figure  2  presents  a  representative  plot  of  this  cost  as  a 
function  of  test  temperature.  The  series  of  curves  for  various 
A  T  heating  rates  represent,  in  dollars  per  square  foot  of 
test  area,  the  cost  of  infrared  heating  lamps,  reflectors,  con¬ 
trol  thermocouples  and  strain  gage  instrumentation.  As  may  be 
seen  the  increased  costs  incurred  in  going  from  room  tempera¬ 
ture  tests  to  those  requiring  500°F  surface  temperatures  are 
significant.  The  cost  tends  to  level  off  In  the  500°F  to 
2000°F  surface  temperatures  regime  but  increases  severely  when 
2000°F  to  3000°F  temperatures  are  required.  The  curve  again 
becomes  quite  level  from  3000°F  to  3500°F. 

The  curves  stop  at  3500°F  since  this  represents  the 
present  upper  state-of-the-art  limit  when  radiant  energy  lamps 
are  used  for  thermal  simulation.  This  temperature  is  approxi¬ 
mately  the  maximum  that  can  be  attained  with  this  type  heater; 
at  least  until  some  significant  break  through  in  lamp  design 
occurs.  Whether  the  curve  will  take  another  sharp  up  turn  as 
progress  is  made  to  the  5000°P  temperatures  required  for  super¬ 
orbital  re-entry  condition  remains  to  be  seen. 

Wi!h  the  cost  of  weapon  system  programs  becoming  higher 
and  higher,  test  requirements  of  all  types  are  one  of  the  first 
items  that  are  rigidly  scrutinized  when  the  budget  squeeze 
comes.  And  structural  testing  is  no  exception.  It  seems  quite 
apparent  that,  one  of  these  days,  economics  are  going  to 
require  some  means  other  than  complete  full-scale  structural 
testing  for  structural  verification  purposes. 

Before  discussing  possible  alternatives  to  complete  full- 
scale  structural  testing  it  is  in  order  to  list  the  advantages 
obtained  by  conducting  tests  on  full-scale  structures.  These 
advantages  fall  in  three  broad  categories: 
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Category  I  -  Determination  of  Manufacturing  Methods 
Effects.  The  structural  effects  of  the  manufacturing  methods 
by  which  the  materials  are  required  to  conform  to  the  desired 
geometry  can  be  assessed.  These  effects  are,  generally,  either 
inadequately  or  totally  unaccounted  for  in  the  structural 
analysis.  In  this  category  are  the  effects  caused  by  the  use 
of  dissimilar  or  anistropic  materials,  built  in  stresses  and 
stress  raisers  introduced  by  fabrication  processes,  variation 
in  col\imn  fixity,  etc. 

Category  II  -  Determination  of  Analytical  Deficien¬ 
cies.  The  effects  of  structural  behaviour  which  are  either 
difficult  or  impossible  to  treat  analytically  are  accounted 
for.  Included  in  this  category  are  effects  of  plastic  flow, 
elastoplastic  behaviour,  creep  deformation,  stress  relaxation, 
material  degradation  with  time  and/or  temperature,  etc. 

Category  III  -  Determination  of  Human  Errors.  The 
effects  of  errors  on  the  part  of  the  designer,  analyst  or 
fabricator  can  be  discovered  and  corrected. 

Any  alternative  testing  method,  therefore,  should  include 
as  many  of  the  advantages  accruing  from  full-scale  testing  as 
possible  without  imposing  significant,  detrimental  inaccura¬ 
cies.  If  alternative  methods  had  to  be  selected  today,  based 
upon  the  present  state-of-the-art,  they  would  be  as  follows. 

The  methods  are  listed  in  descending  order  of  preference. 

Alternative  Method  A  -  Loading  the  entire  full-scale 
structure  but  heating  only  portions  of  it.  Since  a  full-scale 
structure  is  being  used,  all  the  above  listed  advantages  are 
present  with  this  method.  Great  care  must  be  exercised,  how¬ 
ever,  in  establishing  the  proper  force  and  thermal  conditions 
along  the  boundaries  of  the  test  section.  Because  limits  are 
placed  upon  the  area  of  the  structure  that  is  to  be  heated  at 
any  one  time,  this  method  requires  the  repeated  applications 
of  ultimate  load  to  the  structure  in  order  to  cover  all  criti¬ 
cal  areas.  As  a  result,  an  unrealistic  premature  failure  may 
occur.  This  method  has  been  used  successfully  when  electrical 
power  or  equipment  limitations  have  precluded  heating  the 
entire  airframe.  For  example,  one  entire  wing  and  a  carry-over 
portion  of  the  opposite  wing-body  intersection  were  selected  as 
a  representative  test  area  during  the  B-f>3  structural  integrity 
program . 


Alternative  Method  B  -  Separating  the  full-scale 
structure  into  major  component  items  and  heating  and  loading 
each  component  separately.  This  method  can  be  used  where  test 
space  or  electrical  power  limitations  preclude  utilizing 
Alternative  Method  A.  This  method  accrues  most  of  the  full- 
scale  testing  advantages  but  even  greater  care  must  be 
exercised  in  applying  the  correct  boundary  conditions  to  the 
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components.  Particular  attention  must  be  given  to  the  mechani¬ 
cal  and  thermal  restraints  imposed  by  the  supporting  jig  work. 
Jig  induced  perturbations  on  stress  distributions  at  the  inter¬ 
faces  of  the  divided  components  are  the  greatest  objection  to 
this  method.  Again,  this  method  has  been  used  successfully 
during  the  structural  development  phases  of  vehicle  design. 
However,  the  boundary  condition  problem  has  cast  sufficient 
doubt  on  the  overall  confidence  level  that  it  is  used  as  an 
adjunct  to,  but  not  in  lieu  of  methods  A  or  B. 

Alternative  Method  C  -  The  full-scale  test  article  is 
subjected  to  temperatures  reduced  from  the  maximum  flight  tem¬ 
peratures  and  the  effects  of  the  reduced  temperatures  are 
accounted  for  by  increasing  the  applied  loads.  Very  careful 
assessment  of  the  structural  effects  caused  by  the  use  of 
dissimilar  materials,  creep  deformation,  stress  relaxation,  and 
material  degradation  with  temperature  are  required  before  this 
method  can  be  successfully  used.  To  the  authors'  knowledge 
this  method  has  not  been  attempted  to  any  great  degree.  North 
American  Aviation  (Columbus)  has  recently  completed  a  feasi¬ 
bility  study  of  this  method  under  Navy  Contract  NOw  61-0963-d 
(BuWeps).  However,  much  more  effort  is  required  before  this 
method  becomes  widely  accepted. 

Alternative  Method  V  -  It  would  be  most  desirable  if  a 
model  of  the  full-scale  vehicle  could  be  built,  tested  to  pro¬ 
perly  scaled  environments  and  all  the  advantages  of  full-scale 
testing  realized.  The  many  different  types  of  heat  transfer 
involved,  structural  similarity  requirements  and  fabrication 
processes  limitations  so  severely  compromise  such  a  program 
that  it  must  be  listed  as  a  last  choice  under  present  condi¬ 
tions. 

For  future  hypervelocity  vehicles,  however,  the  require¬ 
ments  for  higher  structural  efficiencies,  possible  changes 
toward  more  rational  factor  of  safety  criteria,  the  reduced 
number  of  production  vehicles,  the  need  for  more  extensive 
developmental  testing,  and  economic  factors  indicate  that  the 
state-of-the-art  in  thermal  structural  testing  can  assume 
greater  importance  in  structural  integrity  verification  pro¬ 
grams.  Advanced  sealing  techniques  will  be  necessary.  The 
determination,  evaluation  and  correlation  of  the  temperature 
and  structural  similarity  characteristics  of  subscale  models 
with  full-scale  structures  by  computer  analytical  techniques 
would  be  a  significant  advancement. 

It  is  believed  that  the  presented  facts  and  figures, 
although  general  in  nature,  forceably  point  out  the  problem 
being  faced.  The  title  of  the  paper  asks,  "where  do  we  go 
from  full-scale?"  A  general  answer  cannot  be  given  since  the 
facts  and  circumstances  connected  with  each  vehicle  differ. 
However,  the  effort  of  those  engaged  in  modeling  techniques 


will  determine  whether,  and  to  what  extent,  departures  are 
made  from  traditional  full-scale  structural  verification 
testing. 


TOTAL  COST  -  DOLLARS /S-  ’JARS  FOOT 
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Figure  2.  Heating  Cost  Vs  Teeaperetur©  at  Various  Keating  Kates 
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CUMUJ-ATIVE  TOTAL  $10,385,000  $12,063,000  $62,563,000 


RTD-TDR-63-4197,  PART  I 


CLOSING  REMARKS 
by 

Colonel  William  C.  Nielsen 
Director,  AF  Flight  Dynamics  Laboratory 


Ladies  and  Gentlemen: 

We  of  the  Research  and  Technology  Division  ari  the  Aerospace 
Industries  Association  have  been  most  pleased  to  have  this  distin¬ 
guished  group  of  scientists  and  engineers  as  our  guest  in  Dayton. 

We  wish  to  give  special  recognition  to  the  Efynamics  and  Aeroelas- 
ticity  Research  Panel  of  AIA  who  were  full  partners  in  bringing  this 
meeting  together.  This  partnersU.p  is  a  fruitful  one  because  it 
insures  a  particularly  efficient  means  of  communication  between 
Government  and  the  Aerospace  Industry.  Mr.  Luts  remarked,  in  the 
keynote  address  on  Monday,  the  importance  of  communication  between 
our  profession  and  the  public  and  I  am  sure  that  he  was  also  refer¬ 
ring  to  the  necessity  of  maintaining  communication  within  the  many 
divisions  of  science  and  engineering  which  is  a  mark  of  today's 
technologies.  This  symposium  has  established  such  communications 
and  I  hope  that  they  will  continue  in  the  future . 

I  want  to  thank  everyone  who  has  worked  so  hard  to  bring  this 
symposium  about.  We  are  grataful  for  the  encouragement  expressed 
by  Hr.  Peter  Hurray  in  the  welcome  address  and  by  Mr.  Robert  Luti 
in  the  keynote  address.  The  efforts  of  the  Technical  Committee 
under  our  Chairmen  Bugene  Baird  and  Walter  Mykytow  were  mainly 
responsible  for  the  excellence  of  the  technical  aspects  of  the 
symposium.  Special  thanks  are  due  to  our  Session  Chairmen  who  in 
many  cases  traveled  long  distances  and  shared  their  time  with  us. 

These  are  Dr.  Raymond  Bisplinghoff  ox"  NAo A,  Ur.  Irving  Ststler  of 
the  Cornell  Aeronautical  Laboratories,  Mr.  Martin  Go land  of  South¬ 
west  Research  Institute,  Howard  Ksgrath  of  the  Flight  Dynamics 
Laboratory,  Dr.  William  Laid law  of  N^rth  American  Aviation  and 
Professor  Holt  Ashley  of  HIT.  Our  gratitude  and  appreciation  are 
alsv  due  Hr.  Al  Cannon,  Hr.  Jack  Kelly  and  particularly  to  our  young 
colleagues  Hr.  Michael  Shirk,  Jack  Wood  and  Bill  Williams  for  support¬ 
ing  arrangements. 

We  have  already  expressed  our  moot  sincere  appreciation  to  our 
distinguished  guest  speaker  at  the  symposium  banquet.  We  owe  him 
special  commendation  for  an  outstanding  presentation  of  the  problem.;, 
economics  and  policies  of  the  national  Supersonic  Transport  program. 
With  such  men  as  Hr.  Bain  at  the  Lola  (or  should  I  say  the  flight 
controls?)  we  have  ovary  reason  to  give  this  program  our  confident 
support. 
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Tits  symposium  itself  lias  highlighted  the  problems  presented  to 
us,  the  scientific  and  technical  people  involved  in  the  Aerospace 
Industry,  Our  future  progress  will  rely  heavily  on  the  modeling 
technologies  we  have  discussed.  The  rapidly  changing  configurations 
of  flight  vehicles,  the  new  environments  largely  unsubstantiated  to 
date,  will  require  the  application  of  the  skills  of  the  aeroelastician 
together  with  the  skills  of  the  flight  control  people,  the  aero- 
dynarnicists  and  structural  designers. 

It  is  hoped  that  you  have  acquired  some  new  information  from  the 
symposium  which  will  not  only  be  of  help  in  the  near  future  but  also 
be  a  base  for  that  future  progress  which  is  expected  of  us. 

We  again  express  appreciation  of  your  attendance  and  attention 
these  last  three  days.  I  have  enjoyed  this  symposium  and  I  hope  you 
have  found  it  to  be  a  profitable  experience. 

Gentlemen,  the  symposium  is  now  adjourned. 


